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ABSTRACT: Since being discovered, combustion of fuels, especially fossil fuels in the last
centuries, has been the dominant source of energy for human life. However, over the years, the
adverse effects and shortcomings caused by the vast utilization of these energy sources have been
observed; the three most important of which are unreliable resources, unfavorable natural
outcomes, and limited performance. Using biofuels is one of the well-established proposed
solutions to the scarcity and environmental issues of fossils as they are sustainable sources of
energy with acceptable and even superior combustion characteristics. As a second-generation
biofuel, anisole has shown promising results with high flame speed and high knock resistance.
Therefore, the first chapter of this thesis is focused on experimental investigation of anisole
laminar burning speed and stability properties so that it can be used as a benchmark for future
kinetic mechanism validations.
Stability is another important parameter in combustion systems, especially in diffusion jet
flame combustion as used in many applications like thrusters or burners. Different methods are
applied to improve the stability of such diffusion flames in propulsion systems, e.g., changing
geometrical or flow characteristics of the burner. Most of these efforts have not been practically
successful, due to the cost and compatibility issues. Another technique which minimizes such

problems is to use electron impact excitation, dissociation and ionization and generate highly
concentrated charged/excited species and active radicals. These methods include microwave,
dielectric barrier, and repetitive nanosecond pulsed (RNP) discharge and the latter has shown
promising results as one of the most effective low-temperature plasma (LTP) methods. In chapters
3 to 5, the benefits and issues associated with using RNP discharge in a single-element concentric
methane-air inverse diffusion jet flame are discussed. It has been shown that RNP discharge with
adequate discharge properties (voltage and repetition) can increase the stability of the flame and
expand the flammability of the jet toward leaner compositions. However, the effectiveness is
significant in a certain voltage-frequency ranges which results a non-thermal spark discharge
mode. Hence, different modes of discharge were investigated and a parametric study on the
transition between these modes were done.
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CHAPTER I
OVERVIEW

Combustion has been in the core of human life for thousands of years, producing the
required energy for heating, lighting and transportation, however, the efforts to improve its
efficiency and reduce its shortcomings is a continuous quest. These shortcomings are mainly
associated with the availability and reliability of the resources (fossil fuels) and instability of the
flame. In search for a feasible replacement for fossil fuels, biofuels have been a hot topic for
researchers in the past few decades. Oxygenated compounds, in particular, have shown some
promising characteristics for that matter. But to confidently use these fuels, we should have a
comprehensive understanding of their characteristics as fuels. Thus, Chapter II focuses on Anisole
which is an oxygenated biofuel widely used as a solvent that seems to be a fit fuel for the
combustion application. Although being a potential biofuel, only a few investigations have been
conducted and lack of supplementary experiments in high temperatures and engine-relevant
conditions is obvious. The experimental results are also highly demanded as a source of
verification for the available chemical kinetic mechanisms. In chapter II, performance
characteristics of anisole in terms of the Laminar Burning Speed (LBS), flame structure and flame
stability have been experimentally and theoretically discussed. The calculations have been
practiced using a constant volume combustion chamber (CVCC) and z-type schlieren optical
technique accompanying a differential-based multi-shell thermodynamic model. The data has been
1

reported in a wide range of temperatures (T = 460-550 K), pressures (p = 0.5-5.5 atm) and
equivalence ratios (ϕ = 0.8-1.4). To provide a convenient way for other researchers to access LBS
for anisole in a wider range, a power-law correlation has been presented for LBS as a function of
p, T, and ϕ. Discussing the flame structure, the hydrodynamic sources and flame thickness have
been shown to be the main influential root to spherical flame instabilities which is directly related
with ϕ and reversely to pressure. The experiments showed that anisole has a relatively high laminar
burning speed, with maximum at ϕ=1.1 for different p and T conditions. In compliance with
expectations, the LBS increases by increasing temperature and reducing the pressure. The two
available chemical mechanisms for anisole combustion have been compared with the experimental
results and a need for modification in the mechanisms is observed. A sensitivity analysis is
performed to investigate the sources of discrepancies.
While chapter II focuses on investigating the characteristics and stability of an alternative
for fossil fuels and combustion in a premixed mixture, chapters III to V investigates a technique
to improve the stability of methane/air diffusion (non-premixed) jet flame. Research interest in
methane has grown recently because of its encouraging characteristics. However, methane comes
with serious concerns such as stability, ignition reliability, and flammability limitations which
causes technological challenges in methane burner design. Some methods have been proposed to
improve the ignition characteristics of methane in diffusion flame burners like electrical fields,
dielectric barrier discharge, and low-temperature plasma. Repetitive nanosecond pulsed (RNP)
discharge is a low-temperature plasma phenomenon that has been used in many aeronautical and
combustion researches to improve the properties of fluid and flame. In this study, an innovative
single-element coaxial shear injector coupled with nanosecond pulse generation system has been
used to study the effects of RNP discharge on methane/air inverse diffusion flame.
2

In chapter III, a series of experiments are performed considering different plasma
conditions (i.e. discharge voltage and frequency) and different flow conditions (i.e. jet velocity
and composition) to give an overall understanding of how RNP discharge can improve flame
characteristics. The stability analysis focuses on the detachment conditions of the flame and how
RNP discharge can delay this phenomenon. It is shown that for each flame jet conditions an
optimal operating point (voltage and frequency) can be found with the least applied energy.
Comparing the lean blow-off limits for the cases with and without plasma discharge, it is shown
that low-temperature plasma discharge improves the flammability of the diffusion flame. For
example, by applying a 5 kHz RNP discharge to the nozzle location, the airflow rate corresponding
to the lean blow-off was increased by 50%. The effects of RNP discharge on laminar flames are
also discussed for two flame conditions using both broadband and OH* chemiluminescence
photography. The RNP changes the shape of the laminar diffusion flame into the premixed form,
which means more air entrainment and stability. Resultantly, it is shown that RNP discharge which
consumes less than 1% of the combustion heat release, is an effective way to improve the flame
stability and ignition characteristics.
After finding out the overall stabilization capabilities of RNP discharge, in chapter IV,
chemiluminescence imaging is used to study the effect of RNP discharge on liftoff and blowout,
as the important stabilization parameters, by recording the liftoff height and liftoff/blowout
velocities under a wide range of discharge (f=0-10 kHz and V=11-19 kV) and jet velocity (v=260 m/s). Depending on these parameters, four different discharge regimes of corona, diffuse,
filamentary, and thermal spark were observed. The results have shown that high-intensity plasma
in filamentary discharge regime can provide a significant advantage in delaying the liftoff

3

conditions but no changes on blowout were observed. It was also found that RNP discharge can
reduce the liftoff height.
As discussed in chapter IV, repetitive nanosecond pulsed (RNP) discharge as a non-thermal
plasma has shown promising results due to its unique characteristics, like low-energy
consumption, low gas temperature, and highly activated excited species/radicals. However,
depending on the application, the advantages may be limited to specific regimes in which the
discharge occurs, including corona, diffuse, filamentary, and thermal spark discharge. In chapter
V, to investigate the behavior of RNP discharge in a concentric electrode configuration, a series
of experiments has been designed and performed. This behavior has been discussed in terms of the
discharge regimes and their transition as a function of flow and pulse parameters, i.e. peak voltage,
repetition frequency, and jet velocity in the nozzle. The effect of repetition frequency and jet
velocity on three transition voltages of “diffuse to filamentary”, “filamentary to thermal spark”,
and “diffuse to thermal spark” have been recorded. It is shown that decreasing the frequency or
increasing jet velocities delays all three transitions. It is also observed that at frequencies lower
than a critical value, filamentary regime does not occur and the diffuse plasma directly turns into
the thermal spark regime. It was also shown that by defining the number of discharged pulses per
residence time (PPR), a more accurate and unified interpretation of the transition process can be
provided. For example, for different combinations of the jet velocity and frequency, as long as the
PPR is smaller than 1.5, filamentary discharge cannot be maintained steadily.

4

CHAPTER II
AN INVESTIGATION ON LAMINAR BURNING SPEED AND FLAME STRUCTURE OF
ANISOLE-AIR MIXTURE

2.1

Introduction
Fossil fuels have been employed as the main source of energy for more than a century.

After internal combustion engines were born, gasoline and diesel fuels were dominantly positioned
at the heart of human transportation. However, over the years, the adverse effects and shortcomings
caused by the vast utilization of these energy sources have been observed, and consequently, the
engineers and scientists have begun looking for more suitable alternatives. The shortcomings of
fossil fuels are numerous, but three main issues are often considered: unreliable resources,
unfavorable natural outcomes, and limited performance. A sharp focus has been given on the
sustainable sources of energy such as solar and wind power which are believed to be efficient and
but only reliable in the long-term. Therefore, an enormous portion of combustion studies has been
spent on development of non-petroleum energy sources such as biofuels. Biofuels are considered
as a promising choice in the following decades, especially for transportation and power generation.
The advantages of these sources not only help us to recover the atmospheric CO2 crisis but
also act as economically beneficial options for local agriculture [1]. Based on a project at National
Academy of Sciences, it is expected that more than half a billion tons of lignocellulosic-biomass
could be amassed in 2020. This amount of biomass could be a source to produce 30 to 45 billion
5

gallons of spark-ignition and diesel engine biofuel [2]. Moreover, U.S. Department of Energy
estimates that by 2030 the United States will be able to produce more than 1300 million tons of
sustainable lignocellulosic forest, agricultural waste, and perennial crop. These sources can be later
transformed into biofuels through advanced synthetic process [3]. A wide variety of oxygenated
biofuels can be extracted during the refinery integration of pyrolysis oil among which anisole is
one of the most important components.
Anisole, also known as Methoxybenzene and Methyl phenyl ether, is an organic compound
which is indicated by the chemical formula of C6H5OCH3 as shown in Figure 2.1. It is widely
adopted as a solvent for use in many organic compounds such as anethole, perfumes, insect
pheromones, and pharmaceuticals. It has also been utilized in preparation of inorganic complexes
like tin-core/tin oxide nanoparticles. Anisole is miscible with methanol and acetone but immiscible
with water. Chemical properties of anisole with 99.7% purity, used in this chapter, are presented
in Table 2.1.

Figure 2.1

Ball-and-stick model of the anisole molecule.

Table 2.1

Chemical properties of 99.7% purity anisole [4].

Formula

Molecular
Weight

Melting
point

Boiling
Point

Flash
Point

Density

C6H5OCH3

108.14 g/mole

-37°C

154°C

43°C

0.995 kg/m3

6

During the last decades, a large number of research works have been performed to study
the various aspects of oxygenated biofuels, however, despite their favorable properties, only a
small number of those works have focused on anisole or methylanisole. McCormick et. al. [5]
studied the impact of partially hydro-processed lignocellulosic-biomass pyrolysis oils on the
performance properties of gasoline and diesel. Based on the results, 4-methylanisole appears to
be the best candidate among fuel components to be dropped in gasoline because it increases
research octane number considerable. Emel’yanenko et. al. [6] tried to obtain the benchmark
thermodynamic properties of methylanisole through experiments and theoretical analysis. Zhou et.
al. [7–9] evaluated the feasibility of anisole in a compression ignition (CI) engine as well as the
impact of the position of the functional oxygen group. The results were compared both in absence
of and presence of the exhaust gas recirculation (EGR). Comparing this fuel to diesel, the results
showed an improved soot-NOx trade-off and engine efficiency for all oxygenates. Tian et. al. [10]
investigated autoignition properties of some aromatic oxygenates that can be produced from lignin.
The test was performed using a Volvo T5 spark ignition engine and a constant volume autoignition
device. As the result, comparing with other biofuels, anisole showed a good knock resistance and
long ignition delays [11–14] over the entire temperature range studied.
Some limited investigations were performed according to the chemical kinetics of the
anisole family. Tian [15] examines the autoignition characteristics of methylanisole by means of
a newly developed detailed chemical kinetic mechanism. Kinetic results are subsequently
compared to those obtained from the modified ignition quality tester (IQT) experiments at 10 bar
and stoichiometric mixture. In a recent work by Nowakowska et. al. [16], anisole pyrolysis was
investigated in a jet-stirred reactor, as well as the stoichiometric oxidation. The experiment
conditions were temperature of 673–1173 K, residence time of 2 s, and 800 Torr. The system was
7

coupled with gas chromatography-flame ionization detector and mass spectrometry. A detailed
kinetic model (303 species, 1922 reactions) based on a combustion model for light aromatic
compounds has been extended to anisole. Wagnon et. al. [17,18] at Lawrence Livermore National
Laboratory (LLNL) presented another mechanism for the pyrolysis and oxidation of anisole in
which 3,569 species and 14,838 reactions are mentioned. The simulations have been validated with
data extracted from a jet-stirred reactor at p = 1 bar, T = 675-1275 K, and 𝜙 = 0.5 – 2.0. The
adiabatic laminar burning speeds for anisole have been also determined using the Lund University
heat flux burner at T = 358 K and p = 1 bar [19]. Another mechanism has been introduced by the
CRECK modeling group, based on which Hemings [20] modeled pyrolysis and oxidization of
anisole as a sample compound for the lignin fraction of biomass. Pelucchi et. al. [21] revised and
developed the same mechanism for modeling pyrolysis and combustion of anisole using the data
obtained from the Ghent flow reactor. Wu et. al. [22] were among the few researchers that
investigated the laminar burning for neat oxygenate fuels of anisole and 4-methylanisole mixed
with N2/O2 under conditions of T = 423 K, p = 0.1 MPa, and 𝜙 = 0.6-1.3. Experiments were
performed by a premixed Bunsen flame inside a high-pressure combustion vessel [23]. The flame
speed of anisole was higher compared to 4-methylanisole.
The purpose of this chapter is to present more accurate measurements on the laminar
burning speed of anisole-air mixtures for smooth and spherical propagating flames under a wide
range of operating conditions. This chapter also investigates the effect of pressure, temperature,
and mixture composition on the flame morphology and stability. Measurements have been made
on anisole-air mixtures at an initial temperature of 453 K and a wide range of initial pressures (0.5
to 3 atm) with difference equivalence ratios (0.8–1.4). Based on the pressure rise method, the
laminar burning speed has been found for propagating flame at numerous combinations of
8

pressure, temperature and equivalence ratios. This data allows us to present a power-law
correlation to predict LBS in the corresponding range with ease. The results have been compared
with available data from chemical kinetics mechanisms, which shows that the mechanisms need
to be modified to increase the accuracy, especially at high temperatures. In section 2.2, a
description of the experimental setup is provided. The thermodynamic differential-based model is
illustrated in section 2.3. After discussing the stretch effects in section 2.4, the research results by
focusing on flame structure and laminar burning speed are presented in section 2.5. Finally, a
summary and a conclusion are given in section 2.6.
2.2

Experimental Setup
The experimental apparatus utilized in this chapter consists of a transparent constant

volume combustion chamber (CVCC), temperature and pressure sensors, heating system, data
acquisition (DAQ) system and a z-type schlieren setup in conjunction with a Phantom v611 CMOS
high-speed camera [24]. This experimental setup is used to measure the laminar burning speed
[25–28] and study the flame structure and stability [28–30]. Figure 2.2 schematically illustrates
the experimental facilities used in this study in addition to the z-type schlieren optical system.
The cylindrical vessel is equipped with two fused silica windows that have been sealed to
the chamber with high-temperature O-rings. To reach a uniform temperature in the system, two
sets of rope heaters are used. The first set is applied to the line, which conducted the fuel from the
reservoir to the chamber to vaporize the liquid anisole. The other set is wrapped around the two
glasses and the body of the chamber to keep the fuel above vaporization temperature and prevent
any condensations on chamber walls. Two PID controllers are utilized to measure and control the
heaters to reach the target temperature and keep it in a steady state condition.
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Figure 2.2

Schematic of the experimental apparatus.

Two extended spark plugs are implemented in the chamber to create ignition at the center
of the vessel. The electrical energy required to generate the spark is provided by an ignition box
based on thick film ignition coil capable of producing up to 10 kV. A Kistler high-sensitivity
pressure sensor has been utilized to measure the pressure rise in the vessel during the combustion
and send the collected data to a NI-DAQ system. The DAQ system is also used to trigger the
camera and ignition box simultaneously. The optical photographs are taken by means of a schlieren
system enhanced by a high-speed CMOS camera which is capable of capturing up to 680,000
frames per second. The filling process of the cylindrical vessel is done in compliance with the
method of partial pressures through a manifold supply system. It includes valves, high accuracy
pressure transducers, pipes connected to the respective mixture constituents and a vacuum pump.
10

A high-speed DAQ system is utilized to record the pressure-time data as well as the flame
propagation images.
2.3

Thermodynamic Model
The most important benefit of measuring the laminar burning speed in the pressure rise

method compared with other methods is that using a single test, the burning speeds can be
evaluated in a wide range of temperatures and pressures. Moreover, the data considered is not
limited to small flame radii. Considering two conditions of precise measurement and large flame
radius, this method significantly reduces the interference of the stretch effects on the burning speed
measurements. Assuming the mass fraction burned to be proportional to the fractional pressure
rise, Metghalchi and Keck [31] presented a pressure rise method dividing the closed vessel into
two burnt and unburnt zones with a uniform temperature and concentration in each one. They
calculated the burning speeds by integrating the energy and mass conservation equations. Askari
et. al. [28,30] introduced a new multi-shell and differential-based model, shown schematically in
Figure 2.3. The model improved the integral method by including energy exchange among shells
in the system. This enables the technique to be used to solve the equations for combustion
characteristics such as laminar burning speed, flame front thickness, stretch rate, Peclet number,
thermal expansion ratio, and Lewis number.
The mixture is separated into two sections of burned and unburned gas with the flame
separating them. The burned gas is divided into domains defined as shells and the pressure is
assumed to possess a spatially unvarying distribution. The local thermodynamic equilibrium (LTE)
and ideal gas behavior are assumed for the gas mixture. Chemical equilibrium composition has
been assessed using CANTERA [32] code combined with NASA correlations for thermochemical
[33]. The list of 86 species is selected among the 484 species proposed by Pelucchi et. al. [21].
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The selection is done using the CANTERA equilibrium code by removing the species with
equilibrium concentration of less than 10-20.

Figure 2.3

Schematic explanation of the thermodynamic model.

The current model also covers various sources of energy loss such as heat conduction to
the chamber walls and electrodes, radiation from the burned gas, and energy transfer between
neighboring shells. The following model is relevant to a one-dimensional spherical flame. By
employing the conservation equations of mass and energy, displacement thickness concept [34],
and thermodynamic relations [35], a set of nonlinear differential governing equations can be
derived as
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𝑇𝑢̇ ∞ =

𝑇𝑗̇ ∞

𝜌𝑢∞ ℎ𝑢∞
∞ ∞ ̇
̇
𝐴∞
𝑢 𝑝̇ + 1 − 𝑥 𝑉𝑑𝑖𝑠𝑢 𝑥̇ 𝑏 + 𝜌𝑢 ℎ𝑢 𝑉𝑑𝑖𝑠𝑢 + 𝑄𝑢
𝑏

(2.1)

𝐵𝑢∞

=

𝑇̇𝑏∞𝑛 =

𝐴𝑗∞ 𝑝̇ + 𝜌𝑗∞ ℎ𝑗∞ 𝑉̇𝑑𝑖𝑠𝑗 + 𝑄̇𝑗
𝐵𝑗∞

, 𝑗 = 𝑏1 − 𝑏𝑛−1

𝜌𝑢∞ ℎ𝑢∞
∞
∞ ∞ ̇
∞
̇
(𝑚(ℎ
)
𝐴∞
𝑝̇
+
−
ℎ
)
−
𝑢
𝑏𝑛
𝑏𝑛
1 − 𝑥 𝑉𝑑𝑖𝑠𝑢 𝑥̇ 𝑏 + 𝜌𝑏𝑛 ℎ𝑏𝑛 𝑉𝑑𝑖𝑠𝑏𝑛 + 𝑄𝑏𝑛
𝑏
𝐵𝑏∞𝑛

(2.2)

(2.3)

(𝐶𝑢∞ + ∑𝑘 𝐶𝑘∞ )𝑝̇ + (𝐷𝑢∞ + ∑𝑘 𝐷𝑘∞ ) + (𝐸𝑢∞ + ∑𝑘 𝐸𝑘∞ )
(2.4)
𝑥̇ 𝑏 = −
, 𝑘 = 𝑢, 𝑏1 , ⋯ , 𝑏𝑛−1 , 𝑏𝑛
𝐹
where 𝜌 is the density, ℎ the enthalpy, 𝑥𝑏 the burned gas mass fraction, 𝑉𝑑𝑖𝑠 the
displacement thickness, 𝑚 the total mass, 𝑝 the experimental pressure data. The superscript ∞
denotes the region far from the thermal boundary layer with uniform temperature distribution. The
∞
parameters 𝐴∞
𝑘 through 𝐸𝑘 (𝑘 = 𝑢, 𝑏1 , ⋯ , 𝑏𝑛−1 , 𝑏𝑛 ) are defined in terms of thermodynamic

properties [25]. Eqs. (2.3) - (2.4) form a set of nonlinear ordinary differential equations which
contain n + 3 unknowns: 𝑝(𝑡), 𝑥𝑏 (𝑡), 𝑇𝑢∞ and 𝑇𝑏∞𝑖 (i = 1 to n). The experimental pressures are
available as a function of time, so the equations can be solved numerically using the CVODE
method [36] to find burned mass fraction and temperature distribution. Finally, the laminar burning
speed is calculated as:
𝑆𝑙 =

𝑚𝑥̇ 𝑏
𝜌𝑢∞ 𝐴𝑓

(2.5)

Where m is the mixture mass and 𝐴𝑓 is the flame front area. More information about the
thermodynamic model can be found in previous publication [25]. The initial mixture composition
is defined as:
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ϕ C6 H5 OCH3 +

17
(O2 + 3.76 N2 )
2

(2.6)

where ϕ is the fuel-air equivalence ratio. Uncertainties involved in laminar burning speed
measurements are calculated by a detailed uncertainty analysis over systematic and random
sources of error as explained in our previous publications [28,30,37,38]. The overall uncertainty
based on the conditions covered in this chapter which will be reported later in section 2.5.2, lies in
the range of ±1-3%.
2.4

Stretch Effects
According to the definition, laminar burning speed is the propagation speed of an

unstretched laminar flame into an unburned mixture in a quiescent state. Although many
extrapolation methods have been used to calculate the unstretched laminar burning speed, the
associated uncertainty is a considerable issue. Wu et. al. [39] quantified the uncertainties related
to the laminar burning speed of a propagating spherical flame using extrapolation methods. For
example, for H2/air the calculated values are largely over-predicted. They have shown that the
uncertainties are affected by the Lewis number. For a spherically propagating flame, the stretch
rate can be defined as:
𝜅=

1 𝑑𝐴𝑓 2 𝑑𝑟𝑓
=
𝐴𝑓 𝑑𝑡
𝑟𝑓 𝑑𝑡

(2.7)

where 𝜅 is the stretch rate, t the time and 𝑟𝑓 the flame radius. From the above equation, it
can be noted that as radius increases, the stretch rate decreases. As a result, considering the
spherical flame of an adequately large radius, the stretch rate effects can be neglected, an
assumption which needs to be proved. To investigate the independency of laminar burning speed
with respect to stretch rate at large radii, the laminar burning speed has been calculated and
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compared for cases with the same pressure, temperature, and composition conditions but different
radii. These conditions can be reached by repeating the experiment in different initial temperatures
and pressures which lie on the same isentropes and selecting a common thermodynamic state
between all experiments. This process is fully illustrated in previous publications [25,28,30]. The
variation of laminar burning speed by changing stretch rates for different equivalence ratios has
been shown in Figure 2.4, where it proves to be independent of stretch rate when this rate is smaller
than 120 s-1.

Figure 2.4

2.5

Laminar burning speeds versus stretch rates for four different cases of different
equivalence ratios and unburned gas conditions.

Results and Discussion
The results are presented in two parts. First, the effects of different parameters in the

structure of flame propagation and transition from smooth to cellular flame is discussed. Second,
the obtained laminar burning speeds for different conditions are shown and the effect of pressure,
equivalence ratio and temperature are investigated.
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2.5.1

Flame Structure and Instability Study
The instability experienced by laminar flames of premixed fuel-oxidizer mixtures are

categorized in the literature as: hydrodynamic and thermo-diffusive instabilities [40–42]. In cases
of small geometry with limiting boundaries, wall effects are also a source of instability and flame
bending [42]. Hydrodynamic instabilities are provoked by variation in density across the flame
and characterized by the density ratio of unburnt mixture to burnt gas, 𝜌𝑢 ⁄𝜌𝑏 . This source of
instability can also be represented by flame thickness. Law et. al. [43] defined the flame thickness
as
𝛿𝑓 =

𝑘⁄𝑐𝑝
𝜌𝑢 𝑆𝑙

(2.8)

where 𝑘 and 𝑐𝑝 are the conductivity and specific heat of unburnt mixture at a temperature
equal to the average of the adiabatic flame and unburnt gas temperatures, 𝜌𝑢 is the density of the
unburnt mixture and 𝑆𝑙 is the laminar burning speed. By this definition, the tendency for the cell
formation increases as the flame thickness increases.
Thermo-diffusive instability occurs because of the non-equidiffusive properties of the
reactive mixture, where an enormous inequality of the thermal diffusion from the flame and the
mass diffusion towards the flame exists. Therefore, it may not be present for flames that are almost
equidiffusive [44]. This inequality can be represented by the Lewis number (Le). The Lewis
number has been known as an indicator that shows the ratio of thermal diffusivity to mass
diffusivity. It is difficult to find a unique definition for Le [45], however, a well-accepted
description is available below. Known as the effective Lewis Number, Leeff, based on a
contribution of deficient (Def) and excessive (Ex) reactants in the mixture for a wide range of
equivalence ratios [25] as
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𝐿𝑒𝑓𝑢𝑒𝑙 =

𝐷𝑇
𝐷𝑓𝑢𝑒𝑙

𝐿𝑒𝑒𝑓𝑓 = 𝐿𝑒𝑓𝑢𝑒𝑙⁄𝑂2 = 1 +
{

𝐿𝑒𝑂2 =

, 0.8 ≤ 𝜙
(𝐿𝑒𝐸𝑥 − 1) + (𝐿𝑒𝐷𝑒𝑓 − 1)𝐴
, 0.8 < 𝜙 < 2
1+𝐴

𝐷𝑇
𝐷𝑂2

(2.9)

,𝜙 ≥ 2

where 𝐷𝑇 is the mixture thermal diffusivity, 𝐷𝑂2 and 𝐷𝑓𝑢𝑒𝑙 the mass diffusivity of oxygen
and the anisole, and 𝐴 the mixture strength, respectively. The calculations for mixture strength and
Zel’dovich number are fully described by Askari et. al. [25].
The effects of initial pressure and equivalence ratio on the destabilization of the flame front
have been investigated. Figure 2.5 shows the snapshots of the expanding spherical flame associated
with different initial pressures at the equivalence ratio of 1.2, the initial temperature of 453 K and
at different time steps after ignition. Considering the small amount of change in radius between pi
= 2 atm and pi = 3 atm rows, it can be noticed that for a constant equivalence ratio and temperature,
pressure does not play a significant role in the propagation and radius of the flame. In addition, the
tendency for cracks in the flame is increased at higher initial pressures. Figure 2.6 illustrates the
evolution of effective Lewis number and the flame thickness during flame propagation for the
snapshots shown in Figure 2.5. As expected, the Lewis number shows a small functionality to
pressure increase, i.e. by increasing the pressure as large as six times (comparing the first frame
for pi =0.5 atm and the second one for pi = 3.0 atm which has the same T and ϕ) the Le varies in a
range of 1.14 to 1.16 (less than 2% increase). The same claim can be issued about temperature,
where for example for p≈1.24 atm and ϕ=1.2 (i.e. last snapshot for pi = 0.5 atm and second for pi
= 1.0) changing the temperature from around 477 K up to 563 K does not generate a considerable
difference in Le. As a result, the Lewis number is a function of composition, as expected.
Moreover, the Lewis number is almost constant during propagation, which means that in the case
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of ϕ = 1.2 and Le ≈ 1.15 > 1, thermo-diffusive instabilities are not the governing source of
instability.

Figure 2.5

Flame propagation and cell formation for anisole-air mixture with an equivalence
ratio of 1.2
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Figure 2.6

Leeff and flame thickness variation of snapshots vs. flame radius for test cases with
different initial pressure as presented in Figure 2.5.

Figure 2.7 and Figure 2.8 investigate the effect of equivalence ratio at a constant initial
pressure of 2 atm and initial temperature of 453 K on the structure of a propagating spherical flame
of anisole-air mixture in its first 20 ms following ignition. The same way as shown in Figure 2.6,
the effective Lewis number, and thus the thermo-diffusive instabilities, are mainly a function of
composition and therefore stay constant during propagation. This is also supported by Figure 2.8,
where for each case, changes in time and thus increase in pressure results in the same Lewis
number. Lewis number reduces considerably by richening the composition and as a direct result,
the influence of thermo-diffusive instabilities enhances and appears as cracks for 𝜙 ≥ 1.0. In
contrast with the hydrodynamic instabilities that grow during the propagation and appears as small
cells, the thermo-diffusive instabilities are presented from the first moments of the combustion.
The same behavior is observed from the snapshots in Figure 2.7. On the other hand, by reduction
of flame thickness during the combustion process, the hydrodynamic instabilities come into effect
and start forming small cells on the flame front. As seen in Figure 2.8, the flame thickness and
tendency for hydrodynamic instability is dependent on equivalence ratio, in a way that we have
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the smallest flame thickness at 𝜙=1.1. On the other hand, Figure 2.7 shows instabilities still
growing as the equivalence ratio increases beyond 1.1. This phenomenon can be contributed to
increasing thermo-diffusive instabilities by richening the composition, presented in Figure 2.8.
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Figure 2.7

Flame propagation and cell formation for anisole-air mixture with initial conditions
of Ti=453 K, pi=1 atm and different equivalence ratios.
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Figure 2.8

Leeff and flame thickness variation of snapshots vs. flame radius for test cases with
pi=2.0 atm and different equivalence ratios presented in Figure 2.7.

Figure 2.9 clearly describes the effects of the initial pressure and equivalence ratio on
instabilities. This figure shows the structure of the flame at a radius of about 57.5 mm considering
a different combination of initial conditions. As a result of these initial conditions, the flames in
Figure 2.9 are at the temperature of about 517 K with pressures ranging from around 0.856 atm to
5.15 atm and 𝜙 from 0.8 up to 1.4. For the leanest mixture, ϕ=0.8, in all initial pressures of 0.52.0 atm the flames in the aforementioned radius are smooth. The same result can be seen for subatmospheric pressure, p~0.850 atm, where the flame is smooth no matter how rich the mixture.
For other cases, it can be noticed that instabilities, hydrodynamic in shape of small cells and
thermo-diffusive in form of cracks, start increasing as pressure increases and the mixture gets
richer. From Figure 2.10, it can be conceived that increasing the equivalence ratio causes
decreasing Le and consequently increases the propensity for thermo-diffusive instabilities.
Moreover, it can be understood that increasing pressure in the same temperature and mixture
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composition reduces flame thickness sharply, which promotes the chance for hydrodynamic
instabilities.

Figure 2.9

Flame structure of anisole-air at r = 57.5 mm for cases with an initial temperature of
453 K.
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Figure 2.10

Leeff and flame thickness variation of snapshots vs. flame radius for test cases with
r = 57.5 mm and T = 517 K at different pressures presented in Figure 2.9.

Peclet number, 𝑃𝑒 = 𝑟𝑓 ⁄𝛿𝑓 , has been mentioned as an indicator for stable and unstable
region [43] and critical Peclet number is defined at the moment that the surface of the flame transits
from smooth to cellular. The corresponding critical pressure, temperature and radius for the cases
where a transition from smooth flame to cellular occurs are given in Table 2.2.
Table 2.2

Cellularity and critical pressure, temperature, and radius for transition points
associated with cases at 𝑇𝑖 = 453 𝐾 and the range of 𝑝𝑖 and 𝜙

𝑝𝑖 = 0.5 𝑎𝑡𝑚
𝑝𝑖 = 1.0 𝑎𝑡𝑚
𝑝𝑖 = 2.0 𝑎𝑡𝑚
𝑝𝑖 = 3.0 𝑎𝑡𝑚

𝑝𝑐𝑟 (𝑎𝑡𝑚)
𝑇𝑐𝑟 (𝑘)
𝑟𝑐𝑟 (𝑐𝑚)
𝑝𝑐𝑟 (𝑎𝑡𝑚)
𝑇𝑐𝑟 (𝑘)
𝑟𝑐𝑟 (𝑐𝑚)
𝑝𝑐𝑟 (𝑎𝑡𝑚)
𝑇𝑐𝑟 (𝑘)
𝑟𝑐𝑟 (𝑐𝑚)
𝑝𝑐𝑟 (𝑎𝑡𝑚)
𝑇𝑐𝑟 (𝑘)
𝑟𝑐𝑟 (𝑐𝑚)

𝜙 = 0.8

𝜙 = 1.0

𝜙 = 1.1

𝜙 = 1.2

𝜙 = 1.4

Smooth

Smooth

Smooth

Smooth

Smooth

Smooth

Smooth

Smooth

Smooth

5.07
568.7
6.61
5.83
533.4
6.07

4.66
555.9
6.45
4.61
503.2
5.38

3.10
503.8
5.42
3.97
484.9
4.74

Smooth
Smooth
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1.94
529.3
6.07
2.12
459.6
2.92
Cellular
from
ignition

Figure 2.11 shows the critical Peclet number recorded for the eight cases that involve some
degrees of cellularity. As a result, these critical values form a linear trend that divides the flame
conditions into two areas of stable (smooth) and unstable (cellular) flames. A linear correlation is
successfully exhibited and the best fit is 𝑃𝑒𝑐𝑟 = −5608𝜙 + 8137 with a correlation coefficient of
R2 = 0.9826.

Figure 2.11

2.5.2

Critical Peclet number for the cases that experienced transition from smooth to
cellular flames.

Laminar Burning Speed
Laminar burning speed is a physiochemical property of the combustible mixtures. As a

very important and widely used parameter in combustion, it has been a valuable source of data for
researchers. It also has an important role in developing and validating chemical mechanisms [46].
In this chapter, laminar burning speeds are measured in the regions where flame radii are greater
than 3 cm and the stretch rates are less than 120 s−1. It is shown in Figure 2.4 that in this region,
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the effects of stretch are negligible. Moreover, spark energy discharge is faded. Using the data
from the 20 different cases and isentropes, a power-law correlation has been fitted by finding the
minimum of unconstrained multivariable function in terms of temperature, pressure and
equivalence ratio. The result provides a wider range of LBS data in a more convenient way to
calculate.
𝑇 𝛽1 𝑝 𝛽2
2]
[1
(𝜙
(𝜙
𝑆𝑢 = 𝑆𝑢0 + 𝛼1
− 1) + 𝛼2
− 1) ( ) ( )
𝑇0
𝑝0

(2.10)

𝛽1 = 𝛾1 + 𝛾2 (𝜙 − 1) + 𝛾3 (𝜙 − 1)2

(2.11)

𝛽2 = 𝛿1 + 𝛿2 (𝜙 − 1) + 𝛿3 (𝜙 − 1)2

(2.12)

where 𝜙 is the equivalence ratio, T the temperature, p the pressure and subscript 0 refers
to the reference state of 𝑇0 = 298 𝐾 and 𝑝0 = 1 𝑎𝑡𝑚. The correlation coefficients presented in
Table 2.3, are obtained by MATLAB fminunc nonlinear solver minimizing the squared residuals.
Based on the range of experimental data by which the correlation is estimated, the Eq. (2.10) is
suggested to be used for equivalence ratios of 0.8 to 1.4 and the regions shown in 0.
Table 2.3

The coefficients for power-law correlation.

𝑆𝑢0

𝛼1

𝛼2

𝛾1

𝛾2

𝛾3

𝛿1

𝛿2

𝛿3

19.93705

-0.88994

-1.40918

2.65071

1.74477

1.74369

-0.13565

0.54594

-1.08456
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Table 2.4

Recommended region for using power-law correlation equation.
Low limits
𝑝𝑙 (atm)

High limits

𝑇𝑙 (K)

𝑝ℎ (atm)

𝑇ℎ (K)

𝜙 = 0.8

0.75

460

4.5

560

𝜙 = 1.0

1.0

460

5.5

575

𝜙 = 1.1

0.75

460

4.5

550

𝜙 = 1.2

1.0

460

3.5

550

𝜙 = 1.4

1.0

460

2.0

550

Figure 2.12 and Figure 2.13 illustrate how laminar burning speed varies along the
isentropes due to changes in temperature in different initial pressure and anisole-air mixture
compositions. Both figures declare that LBS is directly related to temperature. By increasing the
equivalence ratio from ϕ = 0.8 to 1.1, the laminar burning speed is enhanced. On the other hand,
when the equivalence ratio increases beyond 1.1, the laminar burning speed drops abruptly. In
contrast, as shown in Figure 2.13, the laminar burning speed decreases when the pressure rises
from 0.5 to 2 atm.
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Figure 2.12

Comparison of Laminar burning speed vs temperature for anisole-air flame
propagation along the isentropes with different equivalence ratios at Ti=453 K and
pi=1 atm.

Figure 2.13

Comparison of laminar burning speed vs temperature for anisole-air flame
propagation along the isentropes with different initial pressures at Ti=453 K and
ϕ=1.

Figure 2.14 and Figure 2.15 illustrate the variation of laminar burning speed due to changes
in the equivalence ratio at different temperatures and pressures. The results are presented from
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three sources, experimental results from this research and predictions from two kinetic
mechanisms developed by Pelucchi et. al. [21] and Wagnon et. al. [17], hereafter called as CRECK
and LLNL models respectively. These figures can be approached from two aspects. First for LBS
behavior, at all pressures and temperatures a maximum value for LBS vs equivalence ratio exists.
The equivalence ratio associated with this maximum value is almost 1.1, where the values
measured by experiment and predicted by mechanism match. Secondly, we can compare the LBS
predicted by mechanisms and experimental results. Figure 2.14 compares the numerical and
experimental LBS results at 𝑇=500 K and pressures of 2 and 3 atm. In almost all the cases, while
the LLNL mechanism over predicts the LBS, the CRECK method underpredicts it. For LLNL, the
differences are larger near stoichiometric region (~1.1) and decreases as the composition gets
richer or leaner. The results associated with CRECK meet the experimental values better than
LLNL at 500 K, and it is enhanced in rich mixtures.

Figure 2.14

Comparison of LBS variation due to equivalence ratio between experimental
correlation and the kinetic mechanisms proposed by Pelucchi et. al. [21] and
Wagnon et. al. [17] at T = 500 K, p = 2 atm and 3 atm.
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It can also be perceived from Figure 2.15 that mechanisms are more accurate in
temperatures around 500 K. The CRECK loses precision slightly in lower T and severely
underpredicts LBS in high temperatures. On the other hand, LLNL acceptably predicts the laminar
burning speed in higher temperatures compared with significantly over-predicted values at 𝑇 =
460 K. As a result, sensitivity analysis on the mechanism is required to improve the reactions for
better predictions at different conditions.

Figure 2.15

2.5.3

Comparison of LBS variation due to equivalence ratio between experimental
correlation and the CRECK kinetic mechanism proposed by Pelucchi et. al. [16] at
T = 460, 500, and 550 K and p = 2 atm.

Sensitivity analysis
Sensitivity analysis is done on CRECK mechanism [21] to highlight the important

reactions which affects the result of LBS. The most important reaction including their numbers
corresponding to CRECK mechanism [21] are listed in Table 2.5. The analysis is performed using
CANTERA [32], which uses a normalized equation to calculate sensitivity of LBS. The equation
is as follows,
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𝑠𝑖 =

𝑘𝑖 𝑑𝑆𝑢
𝑆𝑢 𝑑𝑘𝑖

(2.13)

where 𝑠𝑖 is the normalized sensitivities, 𝑆𝑢 is the laminar burning speed and 𝑘𝑖 is the
reaction rate constant.
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Table 2.5

Most important reactions used in sensitivity analysis from CRECK mechanism
[21].

Number Reactions
R2 H2 + O <=> H + OH
R5 H + O2 <=> O + OH
R6 H + OH + M <=> H2O + M
R22 H + O2 (+M) <=> HO2 (+M)
R24 CO + OH <=> CO2 + H
R31 CH3 + H (+M) <=> CH4 (+M)
R130 HCO + M <=> CO + H + M
R133 H + HCO <=> CO + H2
R224 C2H2 + H (+M) <=> C2H3 (+M)
R239 C2H3 + H <=> C2H2 + H2
R245 C2H2 + O <=> H + HCCO
R923 O + OH + M <=> HO2 + M
R1703 C5H6 <=> C5H5 + H
R2773 C6H5O + H (+M) <=> C6H5OH (+M)
R2786 C6H5O + O => C4H5 + 2 CO
R5871 C6H5O + O <=> C6H4O2 + H
R5914 C6H5 + O2 => C6H4O2 + H
R13168 C6H5OH + H <=> H2 + RPHENPH

Figure 2.16 shows the result of most sensitive reactions, listed in table 2.5, at pressure of 2
atm and temperature of 460, 500 and 550 K with different equivalence ratios. In all cases small
chemistry reactions R5:H+O2O+OH and hydrogen abstraction reaction R24:CO+OHCO2+H
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have the most influence in changing LBS. Penoxy, phenyl and phenol based reactions like
R5871:C6H5O+OC6H4O2+H, R2786:C6H5O+O=>C4H5+2CO and R2773:C6H5O+H(+M)
C6H5OH(+M) also affect the LBS similar to small chemistry reactions. At lean condition of 𝜙 =
0.8, oxidation reaction of phenoxy radicals R5871:C6H5O+OC6H4O2+H and R2786:C6H5O+O
=>C4H5+2CO are showing higher sensitivity comparing to the third body hydrogen addition
reaction R224:C2H2+H(+M)C2H3(+M). Hydrocarbon reaction R245:C2H2+OH+HCCO also
has lower sensitivity than the phenoxy reaction at lean condition. At rich condition (𝜙 = 1.4), the
sensitivity of above-mentioned reactions are in opposite order. The third body reaction
R224:C2H2+H(+M)C2H3(+M) has higher sensitivity comparing to all other reactions except
R5:H+O2O+OH. Similarly, sensitivity of third body reaction with phenoxy radical
R2773:C6H5O+H(+M)C6H5OH(+M) is high at lean case of 𝜙 = 0.8 for termination reactions.
Mostly the small hydrocarbon reactions generated from anisole decomposition like
R31:CH3+H(+M)CH4(+M) and R239:C2H3+HC2H2+H2 are responsible for the difference in
result at rich condition. The termination reaction R1703:C5H6C5H5+H is an H atom
recombination reaction of cyclopentadyenyl radical. This reaction is an important fuel related
reaction. The rate of this reaction has a significant impact on the result of LBS. At rich condition
of 𝜙 = 1.4, this termination reaction is highly sensitive than the leaner mixture at 𝜙 = 0.8.
Therefore, controlling the rate of reaction of this radical may also help to improve the result of
LBS at different equivalence ratio.
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Figure 2.16

Sensitivity analysis on laminar burning speed of anisole-air at different equivalence
ratios, p = 2 atm, T=460, 500 and 550 K.

While comparing sensitivity within different temperatures of 460, 500 and 550 K,
R5:H+O2O+OH shows the highest sensitivity in all cases as shown in Figure 2.17. At
equivalence ratio of 0.8 and 1.1 for all temperatures, reactions R24:CO+OHCO2+H and
R2773:C6H5O+H(+M)C6H5OH(+M) are also sensitive enough to control the result of LBS.
However, besides hydrogen oxidation reaction at equivalence ratio 1.4, R1703:C5H6C5H5+H
have significant sensitivity on temperature. Very little differences are observed within the values
of sensitivity of different reactions due to temperature changes. The only variations are found at
temperature 500 K and equivalence ratio 1.4 on reactions R923:O+OH+MHO2+M,
R133:H+HCOCO+H2 and R6:H+OH+MH2O+M and at temperature 460 K and equivalence
ratio 0.8 on reaction R6:H+OH+MH2O+M. The discrepancies between simulation and
experimental result of LBS that is observed in Figure 2.15 mainly dominated by these hydrogen
oxidation reactions.
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Figure 2.17

Sensitivity analysis on laminar burning speed of anisole-air at different
temperatures, p = 2 atm, 𝜙=0.8, 1.1 and 1.4.

Figure 2.18 shows sensitivity analysis of LBS at 500 K temperature, equivalence ratio of
0.8, 1.1 and 1.4 for two different pressures. At equivalence ratio close to stoichiometry (𝜙 = 1.1)
the difference is less significant between sensitivity values of important reactions with respect to
pressure. At equivalence ratios of 1.4 and 0.8, discrepancies are observed on sensitivity values
due to change in pressure as shown for 𝜙 = 0.8 and 𝜙 =1.4 in Figure 2.18. The sensitivity of the
most important reaction R5:H+O2O+OH is high at 2 atm pressure for equivalence ratio 0.8.
Similarly, R24:CO+OHCO2+H has slightly higher sensitivity at the same condition. For rich
condition (𝜙 = 1.4) the value of sensitivity of R5:H+O2O+OH is lower at 2 atm pressure than
3 atm. Except the hydrogen oxidation reaction all other phenol and phenoxy based reactions like
R5871:C6H5O+OC6H4O2+H, R2786:C6H5O+O => C4H5+2CO show negligible changes in
sensitivity with change in pressure at 1.4 equivalence ratio. However, at equivalence ratio 0.8,
most of the reactions show slight change in values with pressure. Phenoxy based third body
reaction R2773:C6H5O+H(+M)C6H5OH(+M) has slightly higher sensitivity at 2 atm than 3 atm
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pressure. Most other flame termination reactions are showing very negligible differences on the
sensitivity values. Therefore, the change in LBS by CRECK mechanism due to pressure that is
observed in Figure 2.14 is mainly the effects of hydrogen oxidation reaction R5: H+O2O+OH.

Figure 2.18

2.6

Sensitivity analysis on laminar burning speed of anisole-air at different pressures, T
= 500 K, 𝜙= 0.8, 1.1 and 1.4.

Summary and Conclusions
A differential-based multi-shell thermodynamic model coupled with experimental pressure

rise data has been used to measure the laminar burning speed of anisole-air mixture. Based on the
experimental LBS data, a power-law correlation over a wide range of pressure (0.75-5.5 atm),
temperature (460-550 K) and equivalence ratio (0.8 – 1.4) has been established. In the same region,
stability study was performed using high-speed z-type schlieren optical technique in conjunction
with theoretical methods. The hydrodynamic and thermo-diffusive origins of instability, effects of
Lewis number, flame thickness, and Peclet number were investigated. It was also shown that
hydrodynamic instabilities play the main role in destabilizing the anisole spherical flame and
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generating cells in this region. Using the available Peclet number for transition points, a critical
line was introduced to distinguish the stable and unstable conditions for propagating flame. To
determine the accuracy of the available chemical mechanisms, the experimental laminar burning
speeds were compared with the data extracted from the mechanisms. Considering the
discrepancies, the need for presenting a more accurate kinetic mechanisms in future studies is
obvious. Thus, a sensitivity analysis on CRECK mechanism is done and the suggestions to
improve the reactions have been provided.
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CHAPTER III
ON THE LOW-TEMPERATURE PLASMA DISCHARGE IN METHANE/AIR DIFFUSION
FLAMES

3.1

Introduction
Recently, there has been a growing interest in the utilization of methane [1] as a strong

source of energy for both interplanetary and descent/ascent propulsion solutions. It has also shown
some promising characteristics in comparison with other fuels used for this application. For
instance, it is denser than hydrogen and has a higher boiling point, so the storage tank would be
cheaper and lighter. Moreover, methane is harvestable on many objects, e.g. Mars and Titan, in
the solar system [2,3]. In this case, you don’t need to carry fuel for the return trip. As a result,
aerospace agencies and corporations like NASA and SpaceX have prioritized the development of
methane propulsion system technology [4–6] in reusable rocket engines. Raptor engines are an
example of these methane-fueled systems.
Moreover, fossil fuels have been of great concern due to their important shortcomings and
search for alternatives is a hot topic in the literature [7,8]. Methane is also an important part of
natural gas which as the alternative energy sources is facing a growing interest and market due to
presenting various advantages in comparison with traditional fossil fuels like coal and petroleum
[9–13]. Because of its low carbon to hydrogen ratio, methane produces lower levels of pollutants.
Furthermore, leaner combustion of methane leads to reduced emissions, such as NOx, and higher
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thermal efficiency. However, the low heating value of the methane should be mentioned as a
shortcoming of this fuel [14], as well as its low ignitability and relatively low flame speed. These
shortcomings lead to the combustion instability issues [15] which should be addressed in the
advanced combustion systems.
Flames used in combustion systems are divided into two main categories of premixed and
non-premixed (diffusion) flames. Premixed flames are the main choice for the commercial
applications (reciprocating engines and various types of burners) because of their fast combustion
characteristics with less soot formation [16], however, they have an inherent risk of flashbacks
[17]. Premixed flames also have some important drawbacks of low flame temperature, narrow
flammability limits, easy blow-off, and low stability [18,19]. As a result, in many practical
applications, diffusion-flame-based systems are of great interest because they can be controlled
easily, are more stable, and safer. They also have a larger flammability range. Some applications
of non-premixed flames are rocket combustors, furnace heating, turbine engines, pilot flames, and
even chemical synthesis [18,20–23]. For example, in plans for Mars2020 mission, NASA has
performed preliminary tests on 3-D printed, methane-powered thruster which is made by a series
of diffusion injectors as shown in Figure 3.1 [24].

Figure 3.1

Methane-powered thruster: Injector (left) and chamber (right) [24].
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Depending on the arrangement of the fuel and oxidizer outlets in the combustor, diffusion
flames are categorized into two groups of normal diffusion flame (NDF) and inverse diffusion
flame (IDF). While the NDF burners have a central fuel jet surrounded by annular airflow, the IDF
can be recognized in a coaxial burner by a central high-speed air jet and a low-speed annular fuel
jet. [21,25]. NDFs are known for relatively higher rates of soot formation.
In contrast, it was shown that the significant difference in momentum between the air and
fuel jets in IDF configuration causes better entrainment of fuel flow and improves mixing in the
IDF configuration [23]. Subsequently, the soot formation is reduced in IDF as shown in some
investigations [21,26–28]. Moreover, it was shown methane/oxygen IDF leads to enhanced
radiation heat flux compared to an NDF burner with the same condition [23].
In spite of the stability and flammability improvements in IDF burners, there are still some
challenges in using low carbon fuels like methane. Ignition reliability and flame stability are of
great importance particularly due to longer ignition delay, higher ignition energy requirement and
lower diffusive characteristics. Therefore, to take advantage of methane in the next generation
propulsion devices, an external low-power stabilization, and enhancement system is required.
Flame stability is dependent on various parameters such as geometry, flow conditions, and
fuel composition. Stability enhancement through these parameters is very challenging and
sometimes leads to a major and expensive design change. However, generating a region of
charged/excited species and active radicals (by electron impact excitation and dissociation
reactions) [29] right upstream of the lifted flame can significantly promote the stability of flames
even under high strain rate (e.g., turbulence) and/or near-lean-flammability-limit conditions. This
can be done using different techniques like applying an electrical field, dielectric barrier discharge
(DBD), or low-temperature plasma.
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Electrical discharges in different forms have been suggested to improve flame
characteristics through kinetic enhancement [30]. Some of these studies will be discussed to
highlight the contribution and achievements of these prior studies. Min Lee et al. [31] performed
a series of experiments on non-premixed propane jet flames assisted by AC electrical field,
including measuring the liftoff height, reattachment velocity, and propagation characteristics. The
flame became more stable through increasing discharge voltage and AC frequency. They also
modeled the correlation of liftoff velocity with given voltage and frequency, it is easy to estimate
the point where flame detaches from the exit tube. Won et al. [32,33] continued the experiments
with the same device setup, showing that the propagation speeds of tribrachial flames in both AC
and DC electric fields were correlated nearly linearly with the electric field intensity. Kim et al.
[34,35] focused on the detailed effect of DC and AC power supply on different voltage and
frequency regimes. In the low-frequency regime (< 60Hz), the blow-off velocity was lower than
the baseline condition and had a linear dependence on AC voltage. A transition regime with a
frequency between 40-50 Hz was identified, where the minimum electric field enhanced flame
stabilization.
Investigating the advantages of DBD, Vincent-Randonnier et al. [36] conducted a series
of tests using dielectric barrier discharges, also called as silent discharges. When a DBD was
activated at the exit of the tube, the detachment height of a lifted diffusion flame reduced
drastically. This process consumed an outstandingly small electrical power, which was less than 1
Watt. De Giorgi et al. [23,37] investigated the effects of sinusoidal dielectric barrier discharge
(DBD) on an inverse diffusive methane/air flame at under different flame and plasma actuation
conditions. They found that the plasma flame enhancement is significantly influenced by the
plasma discharges which is due to the enhanced mixing and chemical reactions.
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In addition, with the aim to produce stable flames, there has been a growing interest in
repetitive nanosecond pulsed (RNP) plasma as a low-temperature plasma (LTP). LTP is a class of
plasma for which the temperature of the electrons is greater than the gas temperature. These
electrons generate combinations of excited species, radicals, and ions by dissociation, excitation,
and ionization of the gas molecule. Both consequences of nanosecond spark discharges, the
thermal and chemical effects, are presumed to enact effectively in plasma assisted combustion
applications. [38] In jet flames, as the fuel (oxidizer) stream passes through the region affected by
RNP discharges, the electron number density and concentration of charged/excited species and
active radicals are significantly increased. The high reaction rate of electron impact excitation and
dissociation reactions (picosecond to nanosecond scales) significantly accelerate the fuel pyrolysis
and oxidation and reduce the autoignition delay times by orders of magnitude. These species tend
to react at a much lower temperature through the kinetic enhancement pathways [39] which only
require small energy input and generate multiple ultra-fast, reliable, repeatable, and co-existing
autoignition sources which in turn enhance the flame stability [40]. This technology is receiving
considerable attention due to its low-power consumption and uniform discharge distribution while
not significantly increasing the complexity of combustion devices [41,42]. The LTP has emerged
as a new promising technology to stabilize the flames [43–45], accelerate the ignition [46–48],
reduce the emissions [49–51] and increase efficiency drastically [52–54], particularly at extreme
and near-lean-flammability-limit conditions [55–59]. In RNP plasma the power consumption
required for the electric field is relatively small to the power of the flame [60]. Therefore, it is an
efficient and realistic method to generate a stable flame.
Starikovski et al. [61] investigated the principal role of processes with the formation of
excited molecules that supports the development of the chain oxidation. They showed that
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applying a non-equilibrium discharge leads to the electronic excitation of the gas components, the
production of active particles (in particular, atomic oxygen), and the acceleration of the processes
governing the combustion rate and the flame propagation velocity. Nagaraja et al. [62]
demonstrated how the radical evolved inside McKenna burner at different time spot. The
simulation results showed a significant increase in O, H, and OH density due to nanosecond plasma
discharges. Pilla et. al [63] applied the nanosecond repetitively pulsed plasma on turbulent
premixed flame and found an advantage on extending the stability of the flame at lower
equivalence ratios. High concentration of active radicals recorded by spectrometer, are used to
explain the improved characteristics. Pham et al. [60]showed that the of the lean extinction limit
can be reduced about 10–15%, by applying RNP discharges and using small amount of energy.
General studies on LTP show the benefits of techniques like repetitive nanosecond pulsed
discharge on flames, as is aforementioned references. However, further studies are required to
cover the special application. Coaxial inverse jet flame, is one of these applications which lack
enough data in the literature. In this work, low-temperature plasma in the form of repetitive
nanosecond pulsed (RNP) discharges was employed on a single-element inverse coaxial diffusion
flame burner to improve the ignition and flame characteristics. The single-element burner is
designed and built in a way that its geometry is similar to one of the single injectors used in the
NASA 3D printed rocket engine shown in Figure 3.1. This will help to fundamentally study the
effect of RNP discharge by isolating the complicated aerodynamic effect imposed by other
injectors. The RNP discharges in this setup are applied directly to both air and fuel flows at the
nozzle location, due to the special geometry. A technique that is found rarely in the literature. The
main objective of this research is to study the influence of RNP discharge on stability mechanism,
e.g., lift-off, blow-out, lean blow-off, re-attachment, and re-detachment, as well as ignition
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characteristics of diffusion air-methane flame. This chapter is structured as below. In section 3.2,
the experimental setup consisting the intuitive burner, high-voltage pulse generation system, and
supporting accessories used in the tests are illustrated. In section 3.3 of the chapter, the changes in
the characteristics of the inverse diffusion flame with respect to stability and shape are discussed.
Discharge power measurements are also provided to show the efficiency of RNP discharge
employment and find optimal conditions.
3.2

Experimental Setup
The experimental setup involved in this experiment consists of three main parts; The

plasma-assisted burner, the nanosecond pulse generator, and the Faraday cage. A schematic
illustration of the experimental system and the components involved are shown in Figure 3.2.

Figure 3.2

Schematic presentation of the experimental setup and connections.
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The plasma-assisted burner is a single-element inverse diffusion flame injector designed to
apply the RNP plasma on the fuel and oxidizer jets. Based on the desirable conditions of the test,
it is capable of producing sheet plasma discharge, volume plasma discharge and dielectric barrier
discharge (DBD). In this chapter, only the sheet plasma discharge at the exit of the injector is
studied. The other types will be discussed in future works. The injector geometry was designed
and built based on an individual injector of the methane-powered additive-manufactured thruster
that has been developed at Marshall Space Flight Center as shown in Figure 3.1 [24]. Figure 3.3
presents a cross-section view of the plasma-assisted burner. The structure of the burner includes
stainless steel bases, stands, bolts, and grounded plate to provide rigidity of the system as well as
the non-conductive Polytetrafluoroethylene (PTFE) plate which holds the burner core. A ceramic
stand is used to keep the grounded plate stands firm and concentric to the core fuel/air lines. The
high voltage (HV) electrode, made of tungsten, has been placed at the center of the burner core
and surrounded by the oxidizer and fuel glass tubes. For more details, a magnified version of the
nozzle area and the discharge location are also given in Figure 3.4. The lengths of the tubes are
selected to provide fully developed flows at the nozzle. The connections and tube fittings are all
PTFE-made for full-electric isolation of the HV electrode from the grounded plates and stands.
Two 3D-printed metal spacers are used to ensure that the tubes and the electrode are concentric
despite the length of them. The result is a uniform distribution of the plasma discharges between
the electrode and grounded plate over the nozzle outlet area, as shown in Figure 3.5. The 10-inchlength quartz glass is placed on top of the burner to isolate the jets and avoid air-entrainment from
the surrounding air into the methane jet.
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Figure 3.3

Cross-section of the plasma-assisted burner and nozzle/discharge spot.

Figure 3.4

The dimensions of the tubes and electrodes.
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Figure 3.5

A sample plasma discharge distribution at V=13.9 kV and f = 2 kHz.

The plasma generator system delivers high-voltage (peak voltages of up to 30 kV) and
high-frequency (up to 10 kHz) nanosecond pulses with a duration of 10-15 ns at FWHM1. Power
supply, pulse generator, and trigger device are the main three components of the high-voltage
nanosecond pulse generator. The SSPG-20X-HP1 nanosecond pulse generator from Transient
Plasma System (TPS) is powered by Ametek XG600-2.8 power supply device (0-600 V and 0-2.8
A DC output). During the tests, it was found that the peak voltage of the discharge pulse is linearly
related to the input DC voltage provided by power supply by a ratio of about 93.1:1, so hereafter
we use only the peak voltage in our discussion for consistency. In addition, an Agilent MSOX2024A oscilloscope was used as the triggering device to provide the 5V TTL signal in the desired
range of frequency (0.1-10 kHz). The same oscilloscope is used to record the power measurement
data (voltage and current). The power measurement is done by coupling a modified NorthStar
high-voltage probe (PVM-2) and a fast-rise current monitor (Pearson 6595) with total uncertainties
of 6% and 1%, respectively. Figure 3.6 shows the voltage, current, and discharge power versus
time for a single pulse. The discharge power is defined and calculated by multiplying the voltage
and current as

1

Full width at half maximum
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(3.1)

𝑃(𝑡) = 𝑉(𝑡) × 𝐼(𝑡)

Figure 3.6

Sample single pulse data: (a) Current, (b) voltage, and (c) discharge power.

The electromagnetic interferences (EMI) generated by the high-voltage discharges may
result in a significant disturbance in measurement systems involved in the experiment, especially
the flowmeters or may even damage the high-precision systems in the lab. To protect the systems
from high amounts of EMI in high frequencies a Faraday isolation cage was designed and built as
shown in Figure 3.7 along with plasma-assisted burner. The cage is also responsible for providing
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a reliable single-point grounding for the burner, HV pulse generator, and probes. This will ensure
preventing a possible ground loop. Proper windows for the exhaust and visual access are placed in
the cage.

Figure 3.7

Faraday cage, burner, and connections.

The flows are measured using FMA-A2100 Omega mass-flow meters which can measure
flows up to 70 standard liters per minute with an uncertainty of ±1%. Moreover, depending on the
discharge frequency a random uncertainty of 0.1 to 0.3 SLM is observed due to EMI fluctuation.
In addition to mass flow measurements, the flame shape has been recorded using two cameras in
different flow and plasma conditions. A 315 nm bandpass filter was used on the high-speed monocolor CMOS camera, Phantom V611, and an Invisible Vision intensifier (UVi 1850 series) to
record OH* chemiluminescence data for geometrical data extraction. Another color CMOS camera
was also used to provide color photos from the phenomenon. The uncertainty corresponding to the
measurements is calculated by standard uncertainty analysis method [64] and reported in the
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figures as error bars. For each case, three tests have been performed over a period of time at the
same conditions to insure the repeatability of the experiments and confidence of greater than 95%.
3.3

Results and Discussion
The results are discussed in two main parts. In section 3.3.3, the power is measured for

several cases to show the efficiency of the nanosecond discharge application in a methane flame
burner. Then in sections 3.3.4 to 3.3.5, the effects of RNP discharge on the shape and stability of
the inverse diffusion flame will be discussed. The seven flow and plasma conditions that were used
in our experiments are presented in Table 3.1.
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Table 3.1

Flow conditions for the flame flow cases in Figure 3.8 to Figure 3.15.
Flow rate

Flow velocity

(SLM2)

(m/s)

CH4

14.0

22.9

Air

3.0

4.7

CH4

20.0

32.7

Air

4.3

6.8

CH4

2.0 - 32.0

3.3 - 52.2

Air

4.3

6.8

CH4

2.0

3.3

Air

4.0 - 35.0

6.3 - 55.1

CH4

4.0

6.5

Air

4.0 - 35.0

6.3 - 55.1

CH4

2.0

3.3

Air

8.0

12.6

CH4

4.0

6.5

8.0

12.6

Gas

Case1

Case2

Case3

Case4

Case5

Case6

Case7

Air

Peak

Discharge

Voltage

frequency

(kV)

(kHz)

0.72

12 - 28

0.0 - 8.0

0.72

12 - 28

0.0 – 9.0

0.20 - 0.80

17.8

0.0 – 4.0

0.22 - 0.03

17.8

0.0 - 5.0

Figure 3.12

0.35 - 0.06

17.8

0.0 - 5.0

Figure 3.12

0.12

17.8

0.0 - 7.0

Figure 3.13

Z

Related
figures

Figure 3.8
Figure 3.8
Figure 3.11
Figure 3.9
Figure 3.10

Figure 3.13
0.24

17.8

0.0 - 7.0

Figure 3.14
Figure 3.15

These flow conditions are selected to cover the effects of RNP discharges on the attached,
lifted and blown-out turbulent flames, as well as the laminar flames. Moreover, the range of
voltage/frequency applied on the system includes both the mild and heavy plasma intensity regions
in which the plasma effects are obvious. The parameter Z in the table is the mixture fraction, an

2

Standard liters per minute
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extremely useful variable for diffusion flames defined as the ratio of the fuel mass flow rate to the
overall mass flow rate, [65]
(3.2)

𝑍 = 𝑚̇𝑓 ⁄(𝑚̇𝑓 + 𝑚̇𝑎𝑖𝑟 )

In the following sections, the advantages of RNP discharges are demonstrated. It is worth
mentioning that in the following tests where plasma discharge is employed, it acts as the source
of ignition initiation. In other words, an external ignition source such as spark igniter [66,67] is
no longer required.
3.3.2

Lift-Off Height Reduction and Reattachment
At high jet velocity flames, non-premixed jet flames have shown a tendency to lift off from

the nozzle position of the burner [68]. If the jet velocity increases, the lifted height will increase.
When this height exceeds a certain critical point the flame will be blown out [69]. Therefore, the
lifted flame is known as an unstable state of the flame and engine designers should try to avoid
this phenomenon in the diffusion flame burners. To investigate the effects of RNP discharge on
the flame lift-off behavior, two different tests are executed. It is noticed that by applying RNP
discharges with a certain frequency and voltage, the lifted flame can be attached to the nozzle
position. This frequency is called the attachment frequency, 𝑓𝑎𝑡𝑡 . Figure 3.8 shows the attachment
frequency at different peak voltages for two jet flame conditions of the Cases 1 and 2. These two
cases are selected because they both have the same mixture fraction and the flames are lifted. To
find the attachment points, the flame is lit up with the associated jet flow rates then it is subjected
to the RNP discharge starting from 100 Hz. As frequency increases, at a specific frequency, the
flame is attached to the burner base and will stay attached if the frequency is increased beyond that
point. By decreasing the frequency, it will be noticed that the flame will stay attached up to a
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frequency lower than 𝑓𝑎𝑡𝑡 , which is called redetachment frequency, 𝑓𝑟𝑑𝑡 . In all cases that are tested,
the 𝑓𝑎𝑡𝑡 is higher than 𝑓𝑟𝑑𝑡 . This gap is suggested to be due to hysteresis effects. Using these
frequencies, we can divide different voltage and frequency condition into three regions of attached
flame below the red line, lifted flame over the black line, and hysteresis effects in between.

Figure 3.8

Attachment (black) and redetachment (red) frequencies for pulses with different
peak voltages in conditions of (a) Case1 and (b) Case2.

Figure 3.8 also shows that the higher the peak voltage of the pulse the lower the frequency
required for the attachment of the flame. If the peak voltage is increased from some point, this
correlation will not rule but we will see some fluctuations or increase in 𝑓𝑎𝑡𝑡 and 𝑓𝑟𝑑𝑡 . This point
is associated with the instabilities in plasma discharge, i.e. for voltages higher than this point, the
RNP discharges are not evenly distributed over the outlet region. This critical voltage depends on
the plasma actuator and flow conditions, for example, Case 1 is between 20.7 and 21.6 SLM but
for Case 2 between 19.7 and 20.7 SLM. This phenomenon will be discussed with more details in
future works.
Figure 3.9 shows the lift-off height of turbulent flames as the outcome of the second series
of tests done to investigate the RNP discharge on lifted flames. In these tests, the airflow rate is
set to be constant at 4.3 SLM. The flame is ignited with low methane flow rate where it is attached.
57

Then the methane flow rate is increased. As the fuel flow rises, the flame will be lifted, the lift-off
height will increase, and finally, it will be blown out. The procedure is repeated with different RNP
discharge frequencies for a pulse with a peak voltage of 17.8 kV. The solid arrows show the point
that the flame is lifted, and dashed ones are associated with the moment that the flame is blown
out. The lift-off height measurements are done using the high-speed CMOS photos that are taken
from the flame. Therefore, the flame fluctuations and the image resolution are the two sources of
error in measurement. For Case3, the uncertainty caused by the fluctuation is about ±5 mm and
the one caused by image resolution is negligible (about 0.1 mm).
As presented, the fuel flow rate at which the flame detaches from the burner is delayed by
applying the higher frequencies of the RNP discharge up to 3 kHz. Higher frequencies don’t show
any specific advantages. On the other hand, the blow-out flow rate is higher when no RNP is
applied. This may be due to the disturbances caused by plasma discharge, but since the burners are
designed to work in the attached region of the flame conditions, the RNP employment seems to
come with considerable advantageous. Figure 3.10 shows the evolution of the flame in tests in
Figure 3.9 for the cases where plasma is off or applied with the frequency of 0 and 3 kHz.
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Figure 3.9

Lift-off height and blow-out limit for different airflow rate of 4.3 SLM and different
methane flow rates (Case3).

Figure 3.10

Broadband chemiluminescence results for lift-off height and blow-out limit for
airflow rate of 4 SLM and different methane flow rates of (a) f = 0 kHz and (b) f =
3 kHz.

3.3.3

Power Measurement
According to Figure 3.8, as the discharge voltage increases the frequency to produce an

attached flame decreases to a minimum until the plasma discharge becomes unstable. This voltage
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with a minimum value of frequency varies for different air/ methane jet-flow rates and may be
considered as an optimal condition for RNP discharge. On the other hand, Figure 3.11 shows the
overall discharge power of repetitive nanosecond discharge for case 2 with respect to the peak
voltage. The frequency of the points in Figure 3.11 is the same as the attachment frequencies in
Figure 3.8(a). The overall discharge power seems to be a more promising parameter to determine
the optimal operating condition and is calculated by multiplying the discharge energy of a single
pulse (in mJ) and the frequency of the repetitive discharges (in kHz). The discharge energy of a
single pulse is calculated as
(3.3)

𝐷𝐸 = ∫ 𝑉(𝑡). 𝐼(𝑡)𝑑𝑡

As demonstrated in Figure 3.11, there is an optimal operating point with the lowest overall
discharge power. Comparing to Figure 3.8 the minimum happens at a lower peak voltage (~17
kV). The reason for this difference can be found in the definition of overall power. In Figure 3.8,
the attachment frequency is decreasing as the voltage is increasing causing the discharge energy
of a single pulse increase.
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Figure 3.11

Overall discharge power for pulses with different peak voltages.

One of the concerns that have been raised, regarding the use of an external source to
improve the characteristics of the flame, is the power consumption compared to energy released
by the combustion. To address this concern, we can compare the power measured in Figure 3.11
with the heat of combustion at 20 SLM. Considering a heat release of 50.1 kJ per gram of methane
and 20 SLM being equal to 0.22 g/s of methane, the rate of heat release for Case 2 (Table 3.1) will
be about 11 kW. In comparison, the maximum overall RNP discharge power in Figure 3.11 is 12
W which is about 0.1% of the heat generated by the burner. This means that using the RNP
discharge to advance diffusion flame characteristics is beneficial.
3.3.4

Lean Flammability Limit
As noted in the introduction, limited flammability is one of the problems associated with

methane burners. To investigate the effects of RNP discharge on flammability limits of the
methane IDF burner, the fuel flow rate of the flame was set to a constant value. Then the airflow
was increased gradually to the point that the flame is blown off without experiencing the lift-off
process. The procedure is repeated having the plasma employed in the burner with different
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discharge frequencies from 1 to 5 kHz. This test is done for two fuel flow rates of 2 and 4 SLM.
The results are shown in Figure 3.12. In both cases, higher discharge frequencies result in higher
airflow and, thus, leaner combustion. For example, the airflow rate limit after applying the 5 kHz
RNP discharge is more than 50% higher than the same case without plasma discharges.

Figure 3.12

3.3.5

Airflow corresponding to the lean flammability limit for different discharge
frequencies.

Laminar Flame
Figure 3.13 shows the changes in the morphology of the laminar flame in terms of flame

diameter and height when it is subjected to plasma discharge at different frequencies from 1 to 7
kHz. The standards considered for the dimension measurements are set based on the definitions
by previous works [26,70–73]. The flame height is measured from the nozzle outlet to the highest
point in the OH* chemiluminescence images. In color photos, this can be seen as the blue region
of the flame, where the stoichiometric conditions occur. The width is also measured as the
horizontal distance of the furthest points on the left and right of the flame in the broadband
chemiluminescence photos. Due to the resolution of the taken photos and the fluctuations of the
flame, the uncertainty of the measurements is about ±2 and ±3 mm for the width of Case 1 and
Case 2, respectively. These values for the length measurements are about ±7 and ±10 mm.
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As presented in Figure 3.13, when the frequency increases the flame height is reduced but
the width grows and the flame shape looks more like a premixed flame. This means that the plasma
application improves the entrainment and mixing characteristics of the diffusion flame. However,
these changes are negligible after 5 kHz. Figure 3.14 also shows the changes in the shape of the
flame with conditions of case 6 with (1-7 kHz) and without RNP discharges. For better illustration
of the shape of the flame, the colors are inverted. Averaged OH* chemiluminescence images
(averaged over 20 successive images) of the flame is shown in Figure 3.15 for 0 to 5 kHz
discharges employed. This figure can qualitatively indicate the instantaneous form of the reaction
zone where oxygens reacting with CH* generates OH* radicals and carbon monoxide molecules.
As may be implied from Figure 3.15, the rate of reactions and OH* generation increases in
the regions around the nozzle when the discharge frequency is increased. This phenomenon is also
described in Figure 3.16 by comparing the averaged OH* chemiluminescence intensity per flame
height corresponding to the cases in Figure 3.15. The OH* concentration for the no-plasma flame
is distributed evenly along with the almost 400-mm flame. On the other hand, when the plasma is
employed, three differences can be seen. Firstly, the flame height is decreased as the plasma
frequency increases (the flame heights are almost constant beyond 4 kHz). Secondly, two
maximum points are formed the first of which is corresponding to the radical formation in the
discharge region and the second one is associated with the peak reaction point of the flame. Finally,
as the frequency increases, the maximum reaction points are strengthened and move upstream to
the nozzle area.
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Figure 3.13

The flame height and width for cases 6 and 7 at different RNP discharge frequencies.

Figure 3.14

Flame structure for case 7 at different RNP discharge frequencies.

Figure 3.15

OH* chemiluminescence photos of RNP discharge application on the laminar flame
(Case7).
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Figure 3.16

3.4

Averaged OH* chemiluminescence intensity per flame height for different discharge
frequencies as in Figure 3.15.

Conclusion
The effects of repetitive nanosecond plasma discharge on non-premixed methane/air are

investigated using an innovative inverse diffusion flame burner. This burner is designed and
manufactured to apply the discharges at the burner nozzle and work as a single element nozzle of
a multi-element methane burner. Imaging is done using both a CMOS RGB camera system and an
OH* chemiluminescence imaging setup.
The results are discussed both on the high speed turbulent lifted flames and laminar
attached flames. The applied plasma, which has a discharge power less than 0.1% of the flame
heat release, not only could initiate the combustion but also improved the stability of the IDF
significantly. Firstly, on lifted flames, a delay in detachment is observed when applying RNP
discharges which means that the flame remains attached even in higher flow rates (about 100%
higher). Secondly, it is shown in figures that a lifted flame can be attached if nanosecond
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discharges are applied with sufficient frequency and voltage. Based on these tests, the plasma
hysteresis and instability effect on the attachment of the flame is demonstrated. An optimal
working point is found at which the energy is minimum. Finally, the dimensions (width and height)
of low-speed laminar flames are measured under different frequencies of RNP applied. As the
frequency increases the flame gets shorter but wider. This behavior may imply more cohesion in
the flame and thus more stability.
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CHAPTER IV
ON THE ENHANCEMENT OF THE TURBULENT JET FLAME STABILITY USING
SHORT-PULSED DISCHARGES

4.1

Introduction
Interest in the methane has quickly risen due to its potential as an encouraging fuel for the

propulsion systems to be used in the interplanetary and descent/ascent propulsion solutions [1]. It
has been proposed as a substitution to other fuels like kerosene to address both environmental and
accessibility concerns. Moreover, having higher boiling point temperature and higher density
compared to current fuels like H2 means that it requires lighter and less expensive storage tank
with less complications in design. Methane is also an abundant hydrocarbon in the solar system,
e.g. as much as 19,000 tons of methane was recorded on Mars [2], which opens the possibility of
harvesting fuel for return trips. Methane exhibits favorable thermodynamic and performance
characteristics, particularly in cooling properties [1,3,4].
Despite aforementioned advantages, concerns arise due to its limited low heating value as
well as instability at high velocities [5]. Methane also yields low flame speed [6,7] and low
ignitability characteristics [8] relative to traditional propellants such as hydrogen. These issues
lead to flame instabilities [9] and should be addressed in the future advanced combustion systems
working with different types of flames. Specially in high-speed air-breathing propulsion systems,
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an additional stabilizing techniques is required to solve problems rooted in flow residence times
being smaller or in the same order as chemical reaction timescales [10].
Different techniques have been proposed to improve the flame stability in the propulsion
systems via controlling the flow conditions, geometry, and fuel composition. However, controlling
these parameters is challenging and any attempt leads to extensive and costly design changes.
Alternatively, during the last two decades new approach was pursued by the propulsion community
to improve the combustion characteristics through manipulating the chemical reaction pathways.
New experimental and numerical techniques have helped the aerospace propulsion scientists to
mature this approach resulting new designs of propulsion systems which are smaller, easier to
adapt, and cheaper and with wider operational conditions. According to this approach, a highlyconcentrated region of charged/excited species and active radicals is generated in the pre-flame
region via electron impact excitation, dissociation and ionization. Such a region can change the
chemical kinetic and transport pathways drastically. Different methods can be used to provide this
region like electrical field (AC/DC) [11], radiofrequency (RF)[12], dielectric barrier (DBD)
[13,14], microwave, and repetitive nanosecond pulse (RNP) discharges [15,16]. RNP discharge is
one of the effective methods in improving flame stability due to its very strong reduced electric
field (i.e., EN from 100-1000 Td). The concentration of charged/excited species and active radicals
along with the electron number density are greatly increased as the fuel stream passes through the
affected region. The electron impact excitation and dissociation reactions exhibit a high reaction
rate. Therefore, the fuel pyrolysis and oxidation are significantly accelerated along with a reduction
in the ignition delay times [17–20] by orders of magnitude. Generating a region of charged/excited
species and active radicals right upstream of the lifted flame can trigger ultra-fast autoignition and
generate multiple co-existing autoignition kernels. As a result, compared to thermal plasma [21–
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23], the species reacts at a much lower temperature, and the flame stability is enhanced [24].The
electric field power consumption of the RNP method is comparatively smaller than the flame
power [25], making it an encouraging flame stabilization method.
Sang et al. [11] studied the effects of AC electric field on non-premixed propane jet flames.
By observing characteristics such as liftoff height and reattachment velocity, they concluded that
the flame stability improvement was directly correlated to the increase in discharge voltage and
AC frequency. They also successfully estimated the flame liftoff height from the exit tube by
finding the correlation of liftoff velocity in terms of voltage and frequency. Using the same
experimental setup, Won et al. [26,27] concluded that the tribrachial flame propagation speed in
both AC and DC electric fields correlated almost linearly with electric field intensity. Several
experiments have also studied the advantages of DBD, such as the set of experiments performed
by Vincent-Randonnier et al. [28]. They showed that the liftoff height in diffusion flames decreases
dramatically when a DBD (also referred to as silent discharge) was applied at the tube exit while
still consuming power of less than 1W. Chintala et al. [12] showed that RF plasma can expand the
flammability and ignition condition (lower pressure and higher flow velocity) in different
hydrocarbon-air mixtures compared to spark and AC arc discharge and reported magnified
presence of radical species. De Giorgi et al. [13,14] studied the effect of sinusoidal DBD on an
inverse diffusive methane-air flame by varying flame and plasma actuation conditions. It was
shown in their work that the plasma discharges greatly influence the flame dynamics due to the
mixing and kinetics enhancement.
Starikovskii et al. [16, 28] studied processes that develop chain oxidation from the
formation of excited particles. The team observed that the nonequilibrium discharge resulted in
active particle production, electronically excited species, and accelerating the flame propagation.
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Yang et al. [30] developed a one-dimensional framework to model RNP-activated C2H4/O2/Ar
mixtures, by using separate electron and neutral gas temperatures and a detailed chemical kinetic
mechanisms for plasma and combustion. The numerical results showed a significant enhancement
in hydrocarbon oxidation. Nagaraja et al. [31] observed the evolution of radicals inside a McKenna
burner, where RNP discharge resulted in a drastic increase in O, H, and OH density. Laux group
[32–37] has conducted a series of comprehensive investigations and delivered a considerable data
regarding the characteristics of the RNP plasma and their application in diffusion and premixed
flames. They have shown that a train of nanosecond discharges can ignite a combustible mixture
at leaner conditions compared to conventional spark of the same order of discharge energy. They
also showed that RNP discharges can reduce the lift-off height of the premixed propane-air jet in
a MINI-PAC burner up to 90%. However, the effect of electrodes location and nonuniform plasma
distribution on flow filed and flame stability were not investigated.
In our previous article [38], the influence of the RNP discharge on an inverse diffusion jet
flame, both laminar flame and turbulent, was discussed. The burner used in that research was a
novel single element diffusion burner which enables a concentric discharge at the nozzle area.
Such an electrode configuration has two main advantages. First, it can resolve one of the important
challenges associated with the plasma assisted propulsion systems, i.e. producing uniformly
distributed discharges for stabilization and ignition. Second, due to its placement, the electrode is
not exposed to the flame and will not disturb the flow field. As a result, it was shown that the RNP
plasma-assisted burner consumes only about 1% of the energy produced by the flame but can
extend the working conditions of the burner to higher jet velocities and leaner composition and
thus improve the burner performance. Since this is a new system, more information is required to
determine the scope that the concentric RNP discharge plasma can improve the two important
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stability characteristics of the lifted flames, i.e. blowout/lift-off and lift-off height. Moreover, the
role of discharge properties, voltage and current should be established as well. Such results can
help the propulsion system engineers and designers with a better grasp about the limits that this
technology can be employed.
The main goal of the present study is to experimentally enhance the fundamental
understanding of the turbulent lifted jet flame in presence of RNP discharge. The intensity of the
plasma is varied by changing the discharge voltage and frequency on different combinations of
flow velocities. OH* chemiluminescence method is used to investigate the flame shape and liftoff
and its attachment to the nozzle. Moreover, the flow velocity at liftoff and blowout points are
recorded and correlations are proposed to determine the effects of the plasma discharge and fuelair velocities on flame stability and extinction. In section 4.2, the experimental setup is illustrated
including the burner and diagnostic systems used for imaging and energy measurement. The
equations and measurements used to calculate the discharge energy was provided in section 4.3,
as well as the uncertainties involved. In section 4.4, results have been presented in two subsections.
First, the lift-off and blowout conditions of the diffusion flame have been studied in presence of
RNP discharge by analyzing the effect of voltage, discharge frequency and jet flame. Second,
effects of voltage and frequency on lift-off height is demonstrated by introducing a new parameter.
4.2
4.2.1

Methodology
Experimental Setup
The experimental setup is composed of three major components: the nanosecond pulse

generator, the plasma-assisted burner, and the Faraday cage. A detailed schematic illustration of
the experimental setup and connections is presented in our previous publication [38].
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The plasma-assisted burner consists of a single-element injector to induce the fuel and
oxidizer with RNP discharge. It can readily produce plasma discharge over a plane or a volume,
as well as dielectric barrier discharge (DBD) to meet the desired testing conditions. Only plasma
discharge on a thin plane at the exit of the injector will be analyzed in this work. A single injector
from the additively-manufactured 4k-lbf regeneratively-cooled engine [39,40] was utilized to
dimension the injector of this plasma-assisted burner. The burner core is kept by a non-conductive
Polytetrafluoroethylene (PTFE) plate. The apparatus also consists of stainless-steel bases, stands,
bolts and grounded plate to support the structure. The grounded plate receives additional support
from a ceramic stand, which also functions to ensure the fuel and air lines remain concentric in the
burner core. The high-voltage (HV) electrode is placed in the center of the injector. It is made of
tungsten material, and it is enclosed by the oxidizer and fuel glass tubes. The length of the tubes
was chosen to produce fully developed flow at the nozzle exit. Figure 4.1 exhibits a schematic of
the nozzle area and discharge location. To ensure full-electric isolation of the HV electrode from
the stainless-steel supports, the tube fittings and connections are made of PTFE material. Due to
the length of the tubes, two 3D printed metal spacers are utilized to keep the tubes concentric with
the electrode.
The plasma generator produces high-voltage (peak voltages up to 30 kV) and highfrequency (up to 10 kHz) nanosecond pulses, allowing for a 20 ns duration at full width at half
maximum (FWHM). The high-voltage nanosecond pulse generator is composed of three major
components: the power supply, pulse generator, and triggering device. The power supply is an
Ametek XG600-2.8 power supply device (0-600 V and 0-2.8 A DC output) which powers the
nanosecond pulse generator (TPS-SSPG-20X-HP1). It was experimentally observed that the peak
voltage of the discharge pulse is linearly related to the power supply’s input DC voltage by an
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approximate ratio of 93:1. Therefore, only the peak voltage will be used hereafter for consistency.
Agilent MSO-X2024A oscilloscope is used to provide the necessary 5V TTL triggering signal for
the desired frequency range (0-10 kHz), and to record the voltage and frequency data. The power
measurement system consists the NorthStar high-voltage probe (PVM-2) and the fast-rise current
probe (Pearson 6595). The PVM-2 and Pearson 6595 possess total uncertainties of ±1.5% and
±1%, respectively.

Figure 4.1

The side view of the nozzle area.

The emitted electromagnetic interferences (EMI) via high-voltage discharges will create
significant disturbances in the electronic measurement systems (e.g., the high-precision controllers
and flowmeters). The magnitude of these disturbances will increase as the frequency increases.
Therefore, a Faraday cage [38,41] is designed and built to isolate the system and prevent notable
error in the data. Along with error reduction, the cage will also prevent the possibility of a ground
loop because it can act as a dependable single-point grounding for the HV pulse generator, probes,
and burner. FMA-A2100 Omega mass-flow meters are used to measure the flow because of their
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low uncertainty (±1%) and wide range of flow measurement up to 70 standard liter per minute
(SLM). Because of the EMI fluctuation, the flow rates show an uncertainty ranging between 0.1
and 0.3 SLM depending on the discharge frequency. The flame shape was also monitored under
the varying flow and plasma conditions via a high-speed (up to 680,000 fps) CMOS camera
(Phantom V611) and an image intensifier (UVi 1850 series). A 315 nm bandpass filter is employed
to record OH* chemiluminescence data for geometrical data extraction. Standard uncertainty
analysis method [42] was used to calculate the measurement uncertainties, which will be
represented in the figures in the form of error bars.
4.2.2

Discharge Energy Measurement
Power consumption is one of the key factors when discussing an external stabilization

method for power generation systems like combustors and burners. This parameter can indicate
the efficiency of the designed system [43]. In this chapter, the power of the discharge at the nozzle
is obtained by measuring the voltage and current waveforms. The averaged discharge power can
be calculated by multiplying the frequency by the discharge energy of a single pulse as,
(4.1)

𝑃(𝑓, 𝑉) = 𝑓. 𝐷𝐸

where 𝑃, 𝑓, 𝑉, and 𝐷𝐸 are the averaged power, frequency, peak voltage, and single pulse
discharged energy, respectively. For the same configuration and geometry, the single pulse
discharge energy is a function of the voltage and current which can be estimated by integrating
their multiplication as,
𝜏

𝐷𝐸 = ∫0 𝑃𝐸(𝑡)𝑑𝑡

(4.2)

𝑃𝐸(𝑡) = 𝑉(𝑡)𝐼(𝑡)

(4.3)
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where 𝜏 is the time for the end of the pulse, 𝐼 is the current and 𝑃𝐸 is the spontaneous
electrical power. The end of the pulse time is defined as the first moment that the voltage becomes
zero. To avoid the false energy calculation, the measured current should be corrected before being
used in Eq. (4.3). The measured current is a cumulative value caused by three main sources,
conduction current of the discharge, displacement current caused by changes in the reduced
electrical field and parasitic current [44], where the latter has a negligible effect in RNP discharges.
So, the conduction current, 𝐼𝑐 during the discharge can be calculated by subtracting the
displacement current, 𝐼𝑑 , from the measured current, 𝐼. The displacement current is a subsequence
of change in electrical field and can be defined as a function of the rate of change in the voltage as
𝐼𝑑 = 𝐶𝑒𝑞

𝑑𝑉
𝑑𝑡

(4.4)

+𝐷

where 𝐶𝑒𝑞 represents a constant equivalent capacitance, which is a function of electrode
geometry, and 𝐷 is the constant to match the two waveforms. Low voltage pulses with no discharge
are used to evaluate these two parameters by matching the first peak of measured current and
displacement current. Depending on the cable lengths and connectors, there would be a time delay
between the measured current and voltage pulses. This delay can be found and corrected by
syncing the half-rise time of measured and displacement currents.
Characteristics of a sample pulse signal with a peak voltage of about 15 kV have been
shown in Figure 4.2. The actual pulse generated by the nanosecond pulse generator is the first
peaked pulse, with a FWHM of about 20 ns. The other peaks in 𝑉 and 𝐼 waveforms are mostly
caused by multiple pulse reflections of the first pulse in the load and pulse generator system. These
reflections show the successive charge and discharge of the electrodes, acting like a capacitor.
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Figure 4.2

Sample single pulse data: a) voltage, b) conduction current.

Figure 4.3, represents the investigation on the effect of frequency in the discharge energy.
Voltage and current have been recorded for RNP discharges of the same peak voltage (15 kV) and
flow conditions (6 m/s of air and 30 m/s of fuel) while frequency is changing from 1 to 10 kHz.
The results for 𝑉(𝑡), 𝐼𝑐 (𝑡) and 𝐷𝐸(𝑡) are shown in Figure 4.3a, b and c, respectively. The values
of 𝐶𝑒𝑞 , 𝐷, and delay time for the tests in Figure 4.3 are measured as 36 pF, 0.4 A, and 2 ns.
The recorded discharges are all in randomly distributed filamentary regime. According to
the results of pin to plate discharges in [45], it was expected that higher frequencies lead to higher
conductive current and discharge energy. Such an increase was attributed to the accumulated
effects of high repetitive discharges as the residual particles, heat in the gap, and the pre-ionized
region for the next discharges and, thus, increasing the current. In contrast to that expectation, the
𝐼𝑐 and 𝐷𝐸 results in this work do not show a meaningful relation to the discharge frequency. This
inconsistency can be resulted from the fact that in the concentric geometry, successive discharges
occur in random locations and the accumulated effects reported by [45] do not influence the
current. Moreover, the burner tested in this chapter involves jet flow which means that particles
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and gas affected by any pulse are moved out of the discharge region before the next pulse is
applied.
To investigate this assumption and deliver a better understanding, same pulses as in Figure
4.3, were applied to a point-to-point geometry inside a constant volume cylindrical combustion
chamber, [46]. The results are presented in Figure 4.4 and shows that energy deposited in
successive increases at higher pulse repetition frequency due to pre-ionized gas in the electrode
gap.

Figure 4.3

Comparison of discharge a) voltage, b) conduction current, and c) energy during a
single RNP discharge at different frequencies with air velocity of 6 m/s, fuel velocity
of 30 m/s and peak voltage of 15 kV.
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Figure 4.4

Comparison of discharge energy during a single tip-to-tip RNP discharge at different
frequencies with peak voltage of 15 kV.

Figure 4.5 provides examples of the four modes of plasma discharge in concentric
geometry by increasing voltage at constant frequency (𝑓 = 5𝑘𝐻𝑧 in Figure 4.5). The exposure
time of the photos taken is 5ms and as a result, each photo presents a cumulated brightness of 10
successive discharges. First, when the combination of the discharge voltage and frequency is too
low, a weak violet region of corona discharge is formed round the high voltage electrode (Figure
4.5a). This case shows no considerable influences on the flame. By increasing the voltage, the
discharge expands toward the ground electrode until the ionization turns into an avalanche of
electrode forming a diffuse discharge regime (Figure 4.5b).If the intensity of the plasma is
increased beyond a certain voltage, a random distribution of filamentary discharge is formed
(Figure 4.5c), which according to the following chapters improves substantially the characteristics
of the flame stability. In some combinations of velocities and discharge voltage/frequency, instead
of the random distribution, a point-to-point thermal spark discharge occurs (Figure 4.5d). This case
has no considerable advantageous effects on the flame and even in some cases it urges the flame
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blowout. The focus of this chapter is on the stable randomly distributed filamentary discharge and
other modes of discharge will be studied in the future publications.

Figure 4.5

4.2.3

Four different modes of RNP discharge; (a) corona, (b) diffuse, (c) randomly
distributed, and (d) point-to-point thermal spark. Colors are not accurate.

Uncertainty Analysis on Energy Measurement
To perform a detailed uncertainty analysis of the energy measurement, we can use Eq. (4.1)

to (4.4) and margins of errors for current and voltage measurement as discussed in section 4.2. The
overall uncertainty of the results can be evaluated by following the Taylor Series Method (TSM)
propagation equation [42] which states that the uncertainty of R, a function of n variables (𝑋1, 𝑋2,
…, and 𝑋𝑛 ), can be written as:
𝜕𝑅 2

𝜕𝑅 2

𝑖

𝑖

𝜕𝑅

2

𝑈𝑅2 = ∑𝑛𝑖=1 (𝜕𝑋 ) 𝑈𝑖2 + ∑𝑛𝑖=1 ∑𝑛𝑗≠𝑖 2 (𝜕𝑋 ) (𝜕𝑋 ) 𝑈𝑖𝑗2

(4.5)

𝑗

Since the current and voltages are measured in a discretized process (V and I are recorded
at time steps of 𝑡1 ,𝑡2 , …, and 𝑡𝑛 ), the discharge energy will be calculated based on a discretized
summation as,
𝑚
𝐷𝐸𝑚 = ∑𝑚
𝑖=1 Δ𝐷𝐸𝑖 = ∑𝑖=1 𝑃𝐸𝑖 . Δ𝑡

(4.6)

where 𝐷𝐸𝑚 denotes the energy discharged from time 0 to the end of step m or 𝑡𝑚 . So,
according to Eq. (4.5) and (4.6) and considering that the uncertainty of t and Δ𝑡 is negligible, the
overall uncertainty of the discharge energy can be written as:
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𝜕Δ𝐷𝐸 2

(4.7)

2
2
2
𝑈Δ𝐷𝐸
= ( 𝜕𝑃𝐸 ) 𝑈𝑃𝐸
= (Δ𝑡)2 𝑈𝑃𝐸
𝑖
𝑖
𝑖

Moreover, from Eq. (4.3), considering 𝑃𝐸, 𝑉, and 𝐼𝑐 as 𝑅, 𝑋1 and 𝑋2 in Eq. (4.5),
2
𝑈𝑃𝐸
= [𝑉𝑖2 . 𝑈𝐼2𝑐 + 𝐼𝑐2 . 𝑈𝑉2 ]
𝑖

(4.8)

𝑖

The uncertainty of 𝑉 is reported from the uncertainty of the voltage probe, 𝑈𝑉 = 0.015 𝑉.
By applying TSM propagation equation on displacement current, Eq. (4.4), and conduction
current, 𝐼𝑐 = 𝐼 − 𝐼𝑑 , 𝑈𝐼𝑐 can be formulated as,
𝑑𝑉 2

2

2
[𝑈𝐼2𝑐 ] = [𝑈𝐼2 + ( 𝑑𝑡 ) 𝑈𝐶2𝑒𝑞 + (𝐶𝑒𝑞 ) 𝑈𝑑𝑉
+ 𝑈𝐷2 ]
𝑖

𝑑𝑡

Knowing that 𝑈𝑑𝑉⁄𝑑𝑡 =

√2
Δ𝑡

𝑑𝑉 2

𝑖

𝑈𝑉 , Eq. (4.9) can be rewritten as

[𝑈𝐼2𝑐 ] = [𝑈𝐼2 + ( 𝑑𝑡 ) 𝑈𝐶2𝑒𝑞 + (𝐶𝑒𝑞 )
𝑖

(4.9)

2 2
Δ𝑡 2

𝑈𝑉2 + 𝑈𝐷2 ]

(4.10)
𝑖

where 𝑈𝐼 is the uncertainty in current measurement by current probe, 𝑈𝐼 = 0.01 𝐼, 𝑈𝐶𝑒𝑞 =
3 𝑝𝐹, and 𝑈𝐷 = 0.01 𝐴. 𝑈𝐶𝑒𝑞 and 𝑈𝐷 are calculated based on the standard deviation of their
evaluated value in low voltage tests. Using 𝑈𝐼𝑐 , Eq. (4.7)(4.7) can be rewritten as
𝑑𝑉 2

2
𝑈Δ𝐷𝐸
= (Δ𝑡)2 [𝑉 2 . (𝑈𝐼2 + ( 𝑑𝑡 ) 𝑈𝐶2𝑒𝑞 + (𝐶𝑒𝑞 )
𝑖

2 2
Δ𝑡 2

𝑈𝑉2 + 𝑈𝐷2 ) + 𝐼𝑐2 . 𝑈𝑉2 ]

(4.11)
𝑖

and the uncertainty of energy at the end of step m will be
𝑑𝑉 2

2
2
2
2
𝑈𝐷𝐸
= (Δ𝑡)2 ∑𝑚
𝑖=1 [𝑉 . (𝑈𝐼 + ( 𝑑𝑡 ) 𝑈𝐶𝑒𝑞 + (𝐶𝑒𝑞 )
𝑚
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2 2
Δ𝑡 2

𝑈𝑉2 + 𝑈𝐷2 ) + 𝐼𝑐2 . 𝑈𝑉2 ]

(4.12)
𝑖

4.3

Results and Discussion

4.3.1

Liftoff and Blowout Limits
The parameters to characterize flame stability usually include liftoff velocity, liftoff height,

and blowout velocity. The velocity at which the flame is detached from the nozzle is defined as
the liftoff velocity. From this point on, increasing the flow velocities will cause a distance between
the flame base and the nozzle tip, which is called the liftoff height. The liftoff height increases
with the jet velocity, but it cannot exceed a critical value at which the flame will be completely
blown out. The jet velocity at this condition is called blowout velocity. These stability limits are
of great importance in turbulent jet flames for the operation and safety of the combustion systems
[47].
To study the effects of RNP discharge on the flame liftoff behavior, a set of tests are
executed. These tests include investigations on the discharge parameters (i.e. discharge
frequency/voltage) and flow velocities. In this section, the air flow velocity, the discharge peak
voltage, and frequency are kept constant. The flame is ignited with a low fuel velocity so that it is
stable and attached. Then the fuel velocity increases until the flame becomes lifted and then blown
out. The fuel velocity associated with liftoff and blowout are recorded and the procedure is
repeated for different values of air velocity (𝑣𝑎 ), RNP discharge frequency (𝑓), and plasma peak
voltage (𝑉𝑝𝑒𝑎𝑘 ) as shown in Table 4.1.
Table 4.1
Parameter
𝑉𝑝𝑒𝑎𝑘
𝑓
𝑣𝑎

Range of discharge and flow properties in liftoff and blowout study.
Range
11 – 19 kV
0 – 10 kHz
2 – 16 m/s
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A correlation is developed, representing a parameter space, for ease of use and to predict
the blowout and liftoff fuel velocities, 𝑣𝑓 , as a function of 𝑣𝑎 , 𝑓, and 𝑉𝑝𝑒𝑎𝑘 as shown in Eq. (4.13).
It can also improve our knowledge on how each parameter affects the stability of the flame. As it
will be discussed later, liftoff and blowout phenomena have shown an asymptotic behavior when
the discharge intensity is increased either by amplifying the voltage or frequency.
𝛼 𝛽

𝑣𝑓 = 𝑣𝑓0 (1 + (𝑣 ) ) (1 +
𝑎

𝛾

) (1 +

𝑓 𝜅
( ) +5
𝜂

𝜆

)

𝑉𝑝𝑒𝑎𝑘 𝜎
(
) +15
𝜇

(4.13)

The correlation is optimized by changing the coefficients to minimize the summation of
the squared errors between the predicted values and the experimental data in the range of
parameters in Table 4.1. The best fit coefficients are listed in Table 4.2. The minimization process
is done using a nonlinear generalized reduced gradient method. The average errors between the
experimental and correlation results are about ±5.6% and ±4.6% for liftoff and blowout velocities,
respectively. The correlation uncertainty increases as the parameters get closer to the limits of the
validity range shown in Table 4.1.
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Table 4.2

The fitted coefficients for liftoff and blowout cases.
Liftoff Coefficients

Blowout Coefficients

m
𝑣𝑓0 [ ]
s

100.83

25.34

m
𝛼 [ ]
s

581.59

11.81

𝛽 [−]

0.10

0.39

𝛾 [−]

-3.31

-0.20

𝜂 [𝑘𝐻𝑧]

2.54

7450.1

𝜅[−]

3.45

0.10

𝜆 [−]

-21.30

-2.17

𝜇 [𝑘𝑉]

1.01

0.80

𝜎 [−]

0.86

3.55

Figure 4.6 shows the liftoff and blowout velocities when air velocity varies between 3 and
16 m/s. The results are compared with and without 15 kV RNP discharge for low (4 kHz) and
moderate (6 kHz) frequencies. As expected, increasing the air velocity increases the flow
momentum and reduces both liftoff and blowout velocities. Moreover, increasing the air velocity
makes the local mixture leaner which reduces the laminar burning speed (LBS) [48–50] and,
therefore, decreases the velocity at which the flame blows out. However, the change in jet velocity
at liftoff conditions is negligible for all cases with and without plasma discharge. To justify the
difference, it should be mentioned that the LBS at lower air velocities, due to the longer residence
time, is more affected by the heat loss to the burner and therefore the liftoff velocities become
almost constant. As shown in Figure 4.6, the plasma frequency does not affect the blowout limits.
This phenomenon is reflected in the blowout correlation by small values (i.e., close to zero) of the
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coefficients 𝛾 and 𝜅. It can be also seen in Figure 4.6 that the liftoff limits are varied by changing
the RNP discharge frequency. For example, the liftoff velocity after applying the 15 kV discharge
with frequency of 6 kHz is almost 2.5 times higher than the same test without plasma.

Figure 4.6

Liftoff (L) and blowout (B) velocities as a function of air velocity at frequency of 06 kHz and voltage of 15 kV. The bullets and dashed lines represent experimental
and correlated data, respectively.

Figure 4.7 further represents the effect of RNP discharge parameters (i.e., voltage and
frequency) on flame stabilization. It is shown that if the voltage is high enough to produce
filamentary discharges (see Figure 4.3b), the higher frequency leads to higher liftoff velocity. The
influence of frequency on flame stability characteristics becomes less important when it exceeds
about 6 kHz. For example, for 17 kV of peak discharge voltage, by increasing the frequency from
2 to 6 kHz, the liftoff velocity changes from about 20 to 45 m/s (i.e., 125% improvement), while
for the change of frequency from 6 to 10 kHz, it varies from 45 to 55 m/s (i.e., 22% improvement).
It is worth mentioning that for low intensity plasma discharge (i.e., f < 3 kHz and/or V < 13 kV)
minor stabilization effects on the flame are observed. This is the main reason behind discrepancies
of the experimental data and the correlation in this region. Moreover, for all frequencies tested in
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this work when the jet velocity is small, the RNP discharge is able to ignite the mixture flow
without external ignition sources (i.e., thermal spark).

Figure 4.7

4.3.2

Liftoff and blowout velocity as a function of discharge frequency at different
voltages of 11-17 kV and air velocity of 10 m/s. The bullets are experimental data
and dashed lines represent correlation.

Liftoff Height Measurement
Lifted flame is an unwanted situation in jet flames, where the flame is separated from the

nozzle. This will lead to flame blowout, flame fluctuation and instability. There are two main
reasons for liftoff phenomenon. Firstly, large ignition delay time [48,51] can cause lifted flames.
In other word, the fuel stream keeps moving in the flow direction for a time equal to ignition delay
time until it gets ignited [52], therefore higher ignition delay time leads to a longer liftoff height
[53]. Secondly, the imbalance between the laminar burning speed and flow velocity leads to the
flame liftoff. When the flow velocity becomes higher than the flame speed, the flow pushes the
flame downward (i.e., flame gets lifted) to a location where the two speeds get balanced again.
In the previous chapter, it was shown that by applying RNP discharges with a certain
frequency and voltage the liftoff and blowout can be delayed. To investigate the effect of RNP
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discharge on the liftoff height, a chemiluminescence imaging was utilized on a range of flow
parameters shown in Table 4.3. To provide the same measurement platform, for all different cases,
an averaging method explained below is used. In each case, 50 single images, with a frame rate of
10 fps, are taken (Figure 4.8a). Then the captured chemiluminescence intensities from these 50
images are averaged using MATLAB into a single image (Figure 4.8b) and based on a universal
threshold a binary photo is calculated to show the averaged location of the flame for 5 seconds
(Figure 4.8c). Considering the fluctuations of the flame location during the averaging, the liftoff
height measurement involves an average of ±5 mm uncertainty, with a maximum of about ±7 mm
at high flow velocities and minimum of 0 when it is attached. In comparison, the uncertainties due
to pixel size are negligible (about ±0.1mm).
Table 4.3
Parameter
𝑽𝒑𝒆𝒂𝒌
𝒇
𝒗𝒂
𝒗𝒇

Figure 4.8

Range of discharge and flow conditions studied in liftoff height study.
Range
13 – 17 kV
0 – 10 kHz
2 – 16 m/s
16 – 60 m/s

Sample image processing steps for liftoff height measurement (a) single shot (b)
averaged shot and (c) averaged binary flame mask.
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Figure 4.9a shows the variation of liftoff height at a fixed fuel velocity of 32 m/s and air
velocity of 6.5 m/s under different discharge frequency (0-10 kHz) and discharge voltage (13-17
kV). When the plasma is applied on the flow, two main phenomena are responsible for flame
stability improvement. Firstly, some active radicals with high mass diffusivity are formed in the
region, which improve the mixing process. These radicals activate some chemical reaction
pathways which increases the burning speed of the mixture. And finally, the interaction between
plasma streamers and flow increases the turbulence intensity through streamwise vorticity
generation. [54–56].

Figure 4.9

Liftoff height for fuel and air jet velocities of 32 and 6.5 m/s as a function of (a)
discharge frequency (b) and discharge intensity

It can be noticed that in all three peak voltages, there is a minimum effective frequency
less than which no change in liftoff height is observed. The minimum effective frequency gets
smaller as the discharge voltage increases. For example, in weak pulses (13 kV) the effects of
plasma on liftoff height can be observed when the discharge frequency exceeds 6 kHz. This value
for the higher voltages, 15 and 17 kV, are 3 and 1 kHz, respectively. So, liftoff height is a function
of both frequency and voltage. Resultantly, we can find an operational function of 𝑓 and 𝑉 to
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aggregate the effects of these two parameters and describe the liftoff height characteristics of the
flame based on that. In other words, we can change frequency and voltage but as long as this
parameter is constant the liftoff height will remain constant. Therefore, the intensity parameter, S,
is defined in Eq. (4.14) to show the intensity of the plasma discharge on the liftoff height.
𝑆 = 𝑉𝑚 × 𝑓𝑛

(4.14)

where n and m are constants depending on the geometry of the electrodes (shape, gap,
sharpness, etc.), conditions of the discharge medium (composition, flow speed, temperature,
pressure, etc.), and discharged pulse properties. For example, for our nozzle and flow conditions
as in Figure 4.9 we found that m=3 and n=1. The liftoff height is plotted versus S in Figure 4.9b
showing an inverse relation and a minimum effective intensity of about 12 (𝑘𝑉)3 . 𝑘𝐻𝑧 for all
voltages. The detailed uncertainty of intensity measurement can be calculated using Eq.(4.5) (4.13)
and (4.14), as
𝑈𝑆2 = (3𝑉 2 𝑓)2 𝑈𝑉2 + (𝑉 3 )2 𝑈𝑓2 = (3𝑆.

𝑈𝑉 2
𝑉

(4.15)

)

Considering the definition of the S, it can be implied that, compared to the frequency, the
voltage is more effective to increase the intensity. Though, in our tests and geometry, it was found
that the range of usable voltage is limited for two reasons. First, pulses with a peak of less than
12kV are too weak to show any differences on the flame. Second, pulses of peak voltages higher
than 19kV are not stable enough to produce plasma discharge at the nozzle area. The instability
study of the plasma discharge and effects of different parameters on that will be presented in the
later publications. Figure 4.10 shows the averaged OH* chemiluminescence photos for the cases
in Figure 4.9. These photos are processed by a MATLAB code to find the flame height and shape.
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Figure 4.10

Averaged flame region for points shown in Figure 4.9a.

Figure 4.11 displays the behavior of plasma in liftoff height reduction at different air
velocity at a constant voltage and fuel velocity. The plasma actuation in all cases shows reduction
in liftoff height, however, the effectiveness is more significant when the air velocity is higher. As
a result, Figure 4.11 is divided into two regions with a contradictory effect of jet velocity on liftoff
height. In Region 1 or low frequencies, the lift off height increases by jet velocity. In this region,
the plasma is relatively weak and increased velocity and jet momentum increases the liftoff height.
On the other hand, in Region 2 (i.e., high frequency discharges), an inverse trend is observed at
which liftoff height decreases by jet velocity. To justify this behavior, we can consider the effects
of turbulence on reducing the liftoff height [57]. Flows with higher velocity have higher
momentum which push the flame upward. While increasing the frequency helps enhancing the
small-scale vorticities and hence improving the mixing which lead to liftoff reduction. In Region
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2, the latter is more significant than the former and therefore the flame stability is improved (i.e.,
liftoff height reduction). However, this behavior should be further investigated in the future works.

Figure 4.11

4.4

Liftoff height as a function of discharge frequency and fuel flow speed for jet
velocity of 32 m/s and peak discharge voltage of 17 kV.

Conclusion
In the past decades, nonthermal plasma has shown promising capabilities to improve flame

characteristics like ignitability and stabilization. It has been specially used to enhance the
performance of propulsion systems such as gas turbines, internal combustion engines, and
scramjets In this chapter, an experimental study was performed to investigate the effect of high
voltage RNP discharges on diffusion jet flame. The experimental configuration was a singleelement inverse coaxial diffusion burner. It has been designed to provide a consistent repetitive
discharge at the tip of the nozzle for a wide range of jet velocities and compositions. A nanosecond
pulse generator system, capable of supplying pulses at different voltages and frequencies, was
used. The effects of RNP was discussed experimentally in terms of liftoff velocity, blowout
velocity, and liftoff height. The jet velocity associated with liftoff and blowout are recorded for
different values of air velocity (2-16 m/s), RNP discharge frequency (0-10 kHz), and plasma peak
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voltage (11-19 kV). Based on these values, a fitting correlation has been developed to predict the
blowout and liftoff velocities, as a function of 𝑣𝑎 , 𝑓, and 𝑉𝑝𝑒𝑎𝑘 . The liftoff height reduction by
utilizing the RNP discharge was also studied using an averaged chemiluminescence imaging
system on a range of flow conditions (va = 2 – 16 m/s and vf = 16 – 60 m/s) and plasma parameters
(Vpeak =13 – 17 kV and f = 0-10 kHz).
It was concluded that for all the frequencies tested in this work, when the jet velocity is
small, the RNP discharge is able to ignite the mixture flow without external ignition sources.
Increasing the air velocity reduces both liftoff and blowout velocities by increasing the jet
momentum and leaning the local mixture that leads to reduce the laminar burning speed. Increasing
the plasma frequency significantly increases the liftoff velocity but does not have meaningful
influence on the blowout limits. Although for a concentric discharge, pulse repetition frequency
of up to 10 kHz does not have a significant effect on discharge energy calculated using conduction
current, the influence of frequency on flame stability factors becomes less important when it
exceeds about 6 kHz. The voltage and frequency both can reduce the liftoff height but increasing
frequency is more effective on liftoff height at high discharge voltages. To encounter the effects
of both parameters, a new parameter is defined as “intensity” and a critical intensity is observed
beyond which the plasma discharge influence on liftoff height is considerable. While at low
frequencies, higher jet velocities lead to increase in the liftoff height, at high frequencies, it has an
inverse effect and reduces the liftoff height. This might be attributed to the liftoff height reduction
caused by turbulence effects.
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CHAPTER V
PLASMA REGIME TRANSITION AND UNCERTAINTY ANALYSIS OF REPETITIVE
NANOSECOND PULSED DISCHARGE

5.1

Introduction
Combustion systems has been used as the main source of power generation and propulsion

since the invention of steam engines. Even today, fuel combustion provides more than 80% of the
energy consumed all around the world, in form of electrical energy or propulsion. However, as the
application of these systems expanded and more environmental standards are being regulated, the
conventional combustor designs look inefficient and incapable of meeting the current needs, e.g.
improved lean flammability, enhanced flame stability, and reduced pollutant emission. Some
attempts are being made to reach these goals by novel approaches to the geometry, flow conditions,
or fuel composition. However, in most cases, flame enhancement by varying these parameters is
extremely challenging and sometimes causes major and expensive changes in design.
In contrast, plasma discharge has been studied growingly as a reliable method to improve
some of the important characteristics of flame by generating a region of ionized, excited species
and active radicals. The results have been promising in different applications including premixed
and diffusion flames [1–9]. Depending on the application, different forms of plasma have been
used; e.g. corona, gliding arc, spark, filamentary discharge, etc., which can be categorized in two
main classes of thermal and non-thermal plasma [4,10]. In thermal or equilibrium plasma [11–13],
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both the temperature and the electron number density of the gas are high [14,15]. In contrast, in
the non-thermal plasma (NTP) the electronic temperature is considerably high, while the gas
temperature remains moderated. Resultantly, NTP produces a more kinetically active medium by
rapid mass-production of excited species and active radicals [16–18]. Moreover, the low gas
temperature associated with NTP increases the lifetime of the equipment by reducing the electrode
corrosion [19,20].
Among the NTP types, the repetitive nanosecond plasma (RNP) discharge stands out as
one of the more effective methods in improving the ignition reliability and flame stability by
enhancing the chemical kinetic characteristics of the combustible mixture [21,22]. In RNP
systems, high-voltage positive pulses (with a peak voltage of 10-60 kV) are introduced to one of
the electrodes while the second one is grounded, generating a strong electrical field between the
electrodes. The full width at half maximum (FWHM) of these pulses are in the order of tens of
nanosecond to reach the excitation/dissociation/ionization conditions via electron impact reactions
[23].
In previous studies, the effectiveness of RNP discharges on improving the flame stability
in different configurations such as propagating flame in a chamber-enclosed mixture [24,25],
counter flow flame [26–28] and coaxial inverse diffusion burners [8,29] have been investigated.
However, the effectiveness is limited to a certain range of discharge conditions (i.e., discharge
voltage and frequency) depending on the plasma regime produced at those conditions. Contingent
upon the geometry and physics of the application, four regimes of discharge can be determined in
RNP discharge: corona, diffuse (glow), filamentary, and thermal spark [9,30–33].
Tardiveau et al [34] showed that when the discharge voltage is low, the electrical field
cannot lead to a full breakdown and only a partial discharge around the high-voltage electrode tip
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is formed through electronic avalanches, known as corona discharge. As the voltage increases,
system will experience diffuse (glow) discharge which is characterized by its volumetric discharge
with streamers as the main ionization mechanism. Diffuse regime is also known as an intermediate
state between corona and filamentary. At higher voltages, the discharge channel contracts and the
gap between the electrodes is obviously bridged. These strongly constructed discharge channels
have high conductive current, high discharged energy, and elevated temperature up to a few
thousands Kelvins representing ns arc discharges [35]. In the literature, this discharge regime is
called by different names like spark or filamentary discharge and we are going to use the latter for
this non-equilibrium regime to distinguish from the thermal spark. If the discharge current and
energy increases further, a fourth discharge regime can be observed as thermal plasma with even
higher gas ionization levels compared to filamentary and gas heating up to a few tens of thousands
Kelvin [36]. In contrast to previous assumption that all nanosecond discharges should produce
non-equilibrium plasmas, high electron density and gas temperature enables local thermal
equilibrium plasma to occur [37].
Zhang et al [9] investigated the characteristics of point-to-plane RNP discharges in
atmospheric conditions by considering conduction current. They showed that the pulse frequency
and gap sizing can control the discharge regime and intensity. Adamovic et al [38] developed a
1D analytic quasi-one-dimensional model of energy coupling to simulate RNP discharge plasma
in plane-to-plane geometry based on images took in dry air discharge. The model shows that the
discharge energy is controlled by capacitance and breakdown voltage of pulses. Ono et al [33]
investigated the effect of pulse width on the generation of excited species and active radicals in a
positive pulse resulting corona discharge. Montesano et al [39] used nanosecond pulsed discharge
in different pulsed and burst modes to study the effects of discharge pattern on the plasma reduction
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of CO2. They observed a transition in the regime of discharge at different conditions of V and
discharge pattern, i.e. an independent-pulse regime and a memory-dominated regime, with
spatially entangled discharge channels.
In our previous works [8,29], effects of RNP discharges on a coaxial diffuse burner were
investigated. It was observed that, in presence of coaxial methane and air flows, the discharges
between the two concentric electrodes can experience all four discharge regimes. The effects of ns
discharges were studied under all regimes and it was also reported that the RNP discharge
technique has been advantageous only in the filamentary discharge form. This form of the NTP
could delay the lift-off and blowout of the diffusion flame and improve its stability by decreasing
lift-off height. Moreover, it can be used as a source of ignition for the burner. For the cases out of
this condition, the levels of ionization produced by the high-voltage pulses were either too low
producing corona and diffuse modes or the energy was too high that resulted thermal spark plasma
(i.e., plasma instability). In both cases, applying the RNP discharges showed no significant
improvement and even in some cases resulted in more instability in the flame. Moreover, transition
into thermal spark discharges considerably heats up the gas, which can be problematic [40,41] due
to challenges from maintenance and material aspects. For example, in our system, it increases the
corrosion rate of the central electrode and we also noticed that high repetition frequency (~10 kHz)
of ns thermal spark pulses can locally melt and deform the tip of high voltage tungsten electrode.
Although, preventing thermal spark formation is one of the main reasons behind using RNP
discharge, in some conditions it may inevitably happen. Therefore, the thermal spark occurrence
can be considered as an operational limitation of the plasma assisted burner. In order to improve
the understanding about plasma regimes and effect of different plasma and flow parameters on
plasma transitions, more efforts and experiments are required.
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In this chapter, we are trying to find the dependency of different RNP regimes on discharge
frequency, voltage, and flow rate. Knowing that the presence of hydrocarbons in combustible
flows changes the ionization thresholds and, thus, the transition voltages, to reduce the complexity
of parametric study, the flow passing through the nozzle is only air. The effects of fuel/air velocity
ratio on flame characteristics have been discussed in references [8,29]. This work also illustrates
a method to improve the measurement of deposited energy of plasma. In section 5.2, the
experimental setup used for this research is briefly illustrated and section 5.3 includes the results
and discussions. The first part of section 5.3 focuses on discharge energy measurement and
removing the displacement current effects. In the second part, a detailed uncertainty analysis on
energy measurement transition voltages is performed. Finally, in the third part, we discuss the
discharge and flow conditions for transition from diffuse discharge to filamentary, 𝑉𝑑−𝑓 , from
filamentary discharge to thermal spark, 𝑉𝑓−𝑠 , and from diffuse to thermal spark, 𝑉𝑑−𝑠 .
5.2

Experimental Setup
The design elements of the experimental setup used in this series of experiments have been

discussed in our previous publications [8,29]. Here, we briefly explain the experimental setup
which consists of four major components: pulse generation system, plasma-assisted burner,
imaging, and electromagnetic interference (EMI) insulation cage as shown in Figure 5.1. The
plasma assisted burner is designed to mimic one single injector of the 3D-printed small-scale
thruster by NASA [42,43]. The burner enables applying different forms of NTP including but not
limited to DBD, DC and RNP discharge. The nonconductive material used in the body and tubing
system ensures that the discharge can only occur at the desired location which is the nozzle area
between the high-voltage electrode and the grounded plate. Figure 5.2 shows the dimensions of
108

the nozzle and discharge area. As shown in this figure, both air and fuel streams will pass through
the affected region by RNP discharge. As will be discussed later in section 5.3, we use only air
flow in this investigation which passes through the inner tube. However, to provide a uniform flow
passing through the nozzle area, a shorter tube was used which ends about two centimeters below
the nozzle tip.

Figure 5.1

Experimental setup for discharge photography.

The SSPG-20X nanosecond pulser by Transient Plasma System, is capable of producing
pulses with a peak voltage between 0 and 30 kV. Depending on the trigger system, the pulses can
be repeated with a frequency of up to 10 kHz. The rise time and average FWHM of the pulses are
20 ns and 15 ns, respectively. An Agilent DSOX2024A oscilloscope is utilized for triggering the
pulser using 10 µs square TTL pulses, triggering the camera and recording the discharge voltage
and current. The pulse properties are measured using the NorthStar high-voltage probe (PVM-4)
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and the fast-rise current probe (Pearson 6595). A Phantom v611 high-speed camera, capable of
capturing up to 680,000 photos per seconds, is used to take the photos from the discharge in the
nozzle area. A lab-quality mirror is used on top of the nozzle to reflect the nozzle area pointing to
camera. The photos taken in this study has a resolution of 256 × 256 pixels resulting in a capture
rate of 1000 and 6000 fps for the presented results. To avoid the possible damages or disturbances
from HV-discharge electromagnetic interference (EMI) waves, a Faraday cage is designed and
manufactured that encloses the system. The cage is also grounded and used to provide a single
grounding reference.

Figure 5.2
5.3

Configuration and dimensions of the burner nozzle and electrodes [29].

Results and Discussion
The results are presented in three sections. In section 3.1, the discharged power

measurement is illustrated as well as the technique used to increase current measurement accuracy
by removing the effects of displacement current. In section 3.2, the margins of error for discharge
power calculations and transition voltage measurements are evaluated. Finally, in section 3.3, the
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transition voltage (diffuse to filamentary, filamentary to thermal spark and diffuse to thermal
spark) are discussed as a function of discharge frequency/flow rate and regions of discharge
regimes have been identified. To ensure the repeatability of the results, each test is repeated three
times. The edge and surface of both electrodes are sanded after every ten tests to remove any form
of eroded or oxidized surface, as well as any sharp edges.
5.3.1

Power Measurement
The energy of a single nanosecond pulse discharged into air stream flowing in the above

concentric configuration can be calculated by measuring the discharge voltage and current as,
𝜏

𝜏

(5.1)

𝐷𝐸 = ∫ 𝑉(𝑡)𝐼(𝑡) 𝑑𝑡 = ∫ 𝑃𝐸(𝑡)𝑑𝑡
0

0

where 𝜏 is the pulse duration, 𝑉(𝑡) the measured voltage waveform, 𝐼(𝑡) the measured
current waveform and 𝑃𝐸(𝑡) the spontaneous discharge power. As mentioned in section 5.2, the
fast-rise probes have been used to measure temporal values of pulse voltage and current.
Calculating discharge energy using this method comes with significant inaccuracy because the
current measured by the Pearson probe includes a cumulative effect of currents associated with
electric conduction, displacement, and parasitic effects. Since the contribution of parasitic current
is considered negligible compared to the other two, the measured current will represent the
summation of conduction and displacement terms,
(5.2)

𝐼 = 𝐼𝑑 + 𝐼𝑐

where 𝐼𝑑 and 𝐼𝑐 are displacement and current discharges, respectively. Displacement
current is a term appearing in the Maxwell’s electromagnetic equations and is caused by variation
in the electrical field, for example charging and discharging of a capacitor. In the case of
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nanosecond discharge the gap between the two electrodes can behave as a capacitor with a varying
electrical field. The displacement current can be calculated as,
𝐼𝑑 = 𝐶𝑒𝑞

(5.3)

𝑑𝑉
+𝐷
𝑑𝑡

where 𝐶𝑒𝑞 is an equivalent capacitance and 𝐷 a constant that controls the vertical shift of
the displacement current and should be set in a way that both 𝐼 and 𝐼𝑑 are the same at the beginning
of the pulse. Since the value of 𝐶𝑒𝑞 is a function of the capacitor geometry and the dielectric
between the two electrodes, we can measure it using a series of simple tests. In these tests, a low
voltage pulse is applied to the electrode and the current is measured. The voltage of the pulses
should be low enough not to cause a discharge. As a result, the conduction current, 𝐼𝑐 , in Eq. 5.2
is zero and 𝐼 = 𝐼𝑑 . Having both I and V recorded, parameters 𝐶𝑒𝑞 and 𝐷 can be calculated by
matching between calculated 𝐼𝑑 and experimentally measured 𝐼. Parameter 𝐷 This will remove
any effects of inconsistency in measurements. To find 𝐶𝑒𝑞 , the amplitude of the first peaks between
𝐼 and 𝐼𝑑 are compared and 𝐶𝑒𝑞 coefficient is determined such that the peak values become equal.
These two parameters, 𝐶𝑒𝑞 and 𝐷, are assumed to remain constant as long as the geometry of
electrodes and the properties of air between the gaps are the same. To investigate the validity of
this assumption and to find the associated error, the procedure described above was repeated for
24 cases with different voltages and 𝐶𝑒𝑞 are plotted in Figure 5.3. As can be seen, the 𝐶𝑒𝑞 shows
an acceptable consistency, with an average value of 65 pF and standard deviation, 𝜎, of about 3
pF. Parameter 𝐷 was also found to be equal to 0.4 A.
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Figure 5.3

Variation of the measured 𝐶𝑒𝑞 in low voltage discharges

Delay or time gap between the voltage and current measurement is another correction that
should be considered when using displacement current. Different apparatus, cable lengths, and
connections can lead to an asynchronization between current and voltage measurements. Since the
same delay is conveyed to the displacement current, it can be evaluated by comparing 𝐼 and 𝐼𝑑 at
low voltages with no discharge. The standard way to find this delay is to compare the half-rise
time of the first pulse in the two waveforms (I and Id) as presented in Figure 5.4. The delay time
is not a function of flow or discharge voltage-frequency conditions but only a function of cables,
connectors, and the pulse generation design. In case of the system used in these experiments,
voltage and displacement current measurement shows a 2-ns delay compared to the current
measurement. To synchronize the two signals, the voltage signal and thus the calculated
displacement current will be pushed back for an amount equal to the delay time.
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Figure 5.4

Presentation of delay time between I and Id

Figure 5.5

Comparison of the measured current, displacement current, and conduction current
for repetitive pulses with 10 kHz frequency, 13 kV of peak discharge voltage and no
flow

After the first series of tests 𝐶𝑒𝑞 , 𝐷 and delay time are obtained. We can use the same values
to find displacement current in high voltage cases with discharge. Having 𝐼𝑑 , conduction current
can be assessed using Eq. (5.3). The three current terms of measured, displacement and conduction
for a sample case with no flow and peak voltage of 13 kV are shown in Error! Reference source n
ot found.. As shown in this figure, the peak of the conduction current is about half of the peak
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value measured by the probe. Figure 5.6 presents the corrected voltage and current used in the
energy calculation.

Figure 5.6

The voltage and conduction current used to calculate discharged energy in Eq. (5.1)
for a pulse with a peak voltage of 13kV and frequency of 1 kHz

The cumulated discharge energy during the discharge time is calculated using Eq. (5.1).
Figure 5.7 shows the result of energy calculation from time zero to the end of pulse using the raw
measured and corrected currents for a case with peak voltage of about 13 kV and repetition
frequency of 1 kHz. The end of pulse is set as the point that the current and spontaneous discharge
power, 𝑉(𝑡)𝐼(𝑡), reach zero which is about 35 nanoseconds after pulse starts. Figure 5.7 assesses
the importance of current correction in nanosecond discharges with the actual discharge being
about 50% of the value calculated by the measured current. As expected, the total energy consumed
for discharge within one pulse is in the order of 1 mJ and for the pulse shown in Figure 5.6, it is
about 2 mJ.
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Figure 5.7
5.3.2
5.3.2.1

Comparison of discharge energy before and after current correction

Uncertainty Analysis
Uncertainty in Discharge Energy Measurement
Uncertainty analysis is one of the important parts of any experimental study which shows

the range of the data that can be trusted. In the same manner, the margin of errors in the discharge
energy measurement can be obtained by general uncertainty analysis. According to Taylor Series
Method (TSM) propagation equation [44], the uncertainty of R as a function of n variables (𝑋1,
𝑋2, …, and 𝑋𝑛 ), can be written as:
𝜕𝑅 2

𝜕𝑅 2

𝑖

𝑖

𝜕𝑅

2

𝑈𝑅2 = ∑𝑛𝑖=1 (𝜕𝑋 ) 𝑈𝑖2 + ∑𝑛𝑖=1 ∑𝑛𝑗≠𝑖 2 (𝜕𝑋 ) (𝜕𝑋 ) 𝑈𝑖𝑗2

(5.4)

𝑗

where 𝑈𝑅 is the function uncertainty, 𝑈𝑖 the variable uncertainty and 𝑈𝑖𝑗 the correlated
uncertainty of parameter i and j. The above equation can be written for discharge power (𝑃𝐸) in
terms of voltage (𝑉) and conduction current (𝐼𝑐 ) as the only variables. Since 𝑉 and 𝐼𝑐 are measured
using two different systems, their random and systematic errors are not correlated and therefore
the second term in Eq. (5.4) becomes zero. Therefore, the uncertainty equation will be simplified
as
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𝜕𝑃𝐸 2

(5.5)

𝜕𝑃𝐸 2

2
𝑈𝑃𝐸
= ( 𝜕𝑉 ) 𝑈𝐼2𝑐 + ( 𝜕𝐼 ) 𝑈𝑉2 = 𝑉 2 𝑈𝐼2𝑐 + 𝐼𝑐2 𝑈𝑉2
𝑐

where 𝑈𝑉 and 𝑈𝐼𝑐 are the voltage and conduction current uncertainties, respectively. The
uncertainty of the voltage is contributed to two main parameters involved in the measurement,
high-voltage probe and oscilloscope recording the signal. The margin of error as reported by the
company, is 1.5% of the measured value and the resolution of the oscilloscope is equal to about
0.4% of the peak voltage or
𝑈𝑉2

2

2
= (0.015 𝑉)2 + (0.004 𝑉𝑝𝑒𝑎𝑘 ) = 𝑉𝑝𝑒𝑎𝑘
[(0.015 𝑉

𝑉

𝑝𝑒𝑎𝑘

2

) + 0.0042 ]

(5.6)

The conduction current uncertainty should be found with an uncertainty analysis of Eq.
(5.2), which results in,
(5.7)

𝑈𝐼2𝑐 = 𝑈𝐼2 + 𝑈𝐼2𝑑

where 𝑈𝐼 is the uncertainty of current measurement (i.e., reported by the manufacturer as
1.0% of 𝐼) and 𝑈𝐼𝑑 is the displacement current uncertainty which can be evaluated based on Eq.
(5.3) as,
𝑑𝑉 2

(5.8)

2

2
2
𝑈𝐼2𝑑 = ( 𝑑𝑡 ) 𝑈𝐶2𝑒𝑞 + (𝐶𝑒𝑞 ) 𝑈𝑑𝑉
⁄𝑑𝑡 + 𝑈𝐷

where 𝑈𝑑𝑉⁄𝑑𝑡 =

√2
Δ𝑡

𝑈𝑉 and 𝑈𝐶𝑒𝑞 and 𝑈𝐷 are equal to the standard deviation of the calculated

values in the tests of section 5.3.1, i.e. 𝑈𝐶𝑒𝑞 = 𝜎(𝐶𝑒𝑞 ) = 3 𝑝𝐹, and 𝑈𝐷 = 0.01𝐴 . As a result, Eq.
(5.7) will transform into
𝑑𝑉 2

𝑈𝐼2𝑐 = 𝑈𝐼2 + ( 𝑑𝑡 ) 𝑈𝐶2𝑒𝑞 + (𝐶𝑒𝑞 )

2 2
Δ𝑡 2

𝑈𝑉2 + 𝑈𝐷2

Resultantly, the uncertainty in power measurement will be equal to
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(5.9)

𝑑𝑉 2

2
𝑈𝑃𝐸
= 𝑉 2 . [𝑈𝐼2 + ( 𝑑𝑡 ) 𝑈𝐶2𝑒𝑞 + (𝐶𝑒𝑞 )

2 2
Δ𝑡 2

(5.10)

𝑈𝑉2 + 𝑈𝐷2 ] + 𝐼𝑐2 . 𝑈𝑉2

To find the uncertainty of the discharge energy, DE, we can turn the integration into
numerical form by breaking it into time intervals equal to the sampling rate of the oscilloscope
(~0.3ns). It is also assumed that the PE is constant in each interval and equal to 𝑉 × 𝐼𝑐 at the
beginning of that interval. So, the energy discharged from time 0 to the end of step m (associated
with 𝑡𝑚 = 𝑚 × Δ𝑡) can be calculated as the summation of the energies deposited in all intervals
(Δ𝐷𝐸𝑖 ) before that moment, or
𝑚
𝐷𝐸𝑚 = ∑𝑚
𝑖=1 Δ𝐷𝐸𝑖 = ∑𝑖=1 𝑃𝐸𝑖 . Δ𝑡

(5.11)

where 𝑖 indicates the values of the 𝑖-th step. Assuming the uncertainty of time
measurement to be 0, the uncertainty of interval discharges will be
𝜕Δ𝐷𝐸

2

2
2
𝑈Δ𝐷𝐸
= ( 𝜕𝑃𝐸 𝑖 ) 𝑈𝑃𝐸
= (Δ𝑡)2 (𝑈𝑃𝐸 𝑖 )
𝑖
𝑖

(5.12)

2

𝑖

and
𝑑𝑉 2

2
2
2 𝑚
2
2
2
𝑈𝐷𝐸
= ∑𝑚
𝑖=1 𝑈Δ𝐷𝐸𝑖 = (Δ𝑡) ∑𝑖=1 [𝑉 . (𝑈𝐼 + ( ) 𝑈𝐶𝑒𝑞 + (𝐶𝑒𝑞 )
𝑚
𝑑𝑡

2 2
Δ𝑡 2

𝑈𝑉2 + 𝑈𝐷2 ) + 𝐼𝑐2 . 𝑈𝑉2 ]

(5.13)
𝑖

The final results of uncertainty analysis on discharge energy are shown in Figure 5.8, with
upper and lower limits of 𝐷𝐸𝑚 ± 𝑈𝐷𝐸 𝑚 . As mentioned before, the deposited energy of the pulse
is calculated to the end of the main pulse which in this case is about 𝑡 = 35 𝑛𝑠. Due to the
cumulative behavior of the DE uncertainty, the overall uncertainty is peaked at the end of the pulse.
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Figure 5.8
5.3.2.2

Discharge energy and uncertainty limits for the pulse in Figure 5.6
Uncertainty in Transition Voltage Measurement

In addition to the systematic voltage measurement uncertainties discussed in previous
section, there are some random uncertainties in voltages that are recorded for transition to
filamentary and thermal spark modes. So, using the random uncertainty, 𝑠, and systematic
uncertainty, 𝑏, the total uncertainty [44] of the transition voltages will be equal to
𝑈𝑉2𝑡 = 𝑠𝑉2𝑡 + 𝑏𝑉2𝑡

(5.14)

The random uncertainties are due to the degree of randomness and repeatability of the
phenomenon. To find these random errors, a repeatability analysis [44] was performed and the
transition voltages were measured at the same flow and frequency conditions for M=10, where M
is the number of test repetitions. The random uncertainty for the transition voltage is calculated as,
𝑀

1⁄2

2
1
𝑠𝑉𝑡 = (
∑ (𝑉𝑡 𝑗 − 𝑉̅𝑡 ) )
𝑀−1

(5.15)

𝑗=1

Where 𝑉𝑡𝑗 is the transition peak voltage recorded for the 𝑗th test and 𝑉̅𝑡 the mean transition
voltage determined by,
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𝑀

1
𝑉̅𝑡 = ∑ 𝑉𝑡𝑗
𝑀

(5.16)

𝑗=1

As discussed previously, the systematic uncertainty involved in voltage measurement can
be found using Eq. (5.6) and, since 𝑉𝑡 is the peak voltage for that signal, 𝑏𝑉 𝑡 = 0.0156 𝑉𝑡 . Based
on the repeatability tests, an average uncertainty of about ±9% was obtained for the transition
voltages.

5.3.3

Plasma Instabilities
In this section, we discuss how changes in frequency and air flow rate affect the transition

in RNP discharge regimes. To investigate that, we increase the peak voltage from 0 to 20 kV while
frequency (𝑓) and jet velocity (𝑣𝑗𝑒𝑡 ) remain constant. First, from V=0 kV to a certain voltage, no
discharges can be observed visually. As the voltage increases, violet region of corona gradually
appears around the High-voltage (HV) probe which is stronger and confined around the sharp
edges. This bright region is an indicator of weakly ionized plasma around the electrode as shown
in Figure 5.9 (a) and (b). By increasing the voltage and electrical field, the brightness of the corona
region increases, electronic avalanche turns into streamers and, at the same time, its radius surges
toward the outer electrode as shown in Figure 5.9 (c) and (d).
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Figure 5.9

Evolution of the discharge mode by increasing the peak voltage at a constant
frequency (6 kHz) and jet velocity (13 m/s).

By further increasing the voltage, stronger discharges start occurring from HV electrode to
the ground plate with narrow channels formed between the electrodes, resulting transition from
diffuse to filamentary. In our concentric electrode setup, the generated filaments are randomly
distributed at the injector tip as shown in Figure 5.9 (e). This moment is marked as the transition
voltage from diffuse to filamentary (𝑉𝑑−𝑓 ). This filamentary discharge regime shows a pulseindependent regime in which the discharge channels resulted from successive pulses are spatially
independent. If the energy of the discharge and voltage increases, the discharge intensity is
increased to a point after which the independent and randomly distributed channels are transferred
into a point-to-point thermal spark discharge as shown in Figure 5.9 (f). This moment is called the
filamentary to thermal spark transition (𝑉𝑓−𝑠 ). In other words, discharge in thermal spark regime
act based on a memory-dominated behavior. In some special cases, the transition occurs directly
from diffuse to thermal spark regime, (𝑉𝑑−𝑠 ). The process is repeated for different flows and
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frequencies and the transition voltages, 𝑉𝑑−𝑓 , 𝑉𝑓−𝑠 and 𝑉𝑑−𝑠 , as well as the regime regions are
identified as will be discussed later.
The exposure time for the photos (a) to (d) in Figure 5.9 are set to 5000 µs to make the
corona and diffuse regions visible, so they are a superimposed result of 30 discharges. On the other
hand, due to brightness of discharges in (e) and (f), the exposure time is decreased to 1000 µs and
covers only 6 pulses at 6 kHz discharge frequency. Figure 5.10 shows the transition points at
different discharge frequencies for the conditions of the photos in Figure 5.9. Based on these
results, for a jet velocity of 30 m/s at low frequencies, lower than 4 kHz, we cannot have
filamentary regime and the discharge is directly transformed from diffuse discharge to thermal
spark regime. On the other hand, at moderate and high frequencies (4-10 kHz), by increasing the
voltage the diffuse regime first turns into filamentary regime (𝑉𝑑−𝑓 ) and then at higher voltages
the thermal spark regime (𝑉𝑓−𝑎 ) is formed. Moreover, both 𝑉𝑑−𝑓 and 𝑉𝑓−𝑎 are reduced when
frequency increases but at high frequencies stay constant in a value about 7.5 and 13 kV,
respectively. Resultantly, in a voltage-frequency surface we will have three regions of
corona/diffuse regime, filamentary regime, and thermal spark regime. The uncertainty of transition
voltages has been calculated based on the discussion in section 5.3.2 and presented in Figure 5.10
and Figure 5.11 as the error bar. The turbulent flow and randomness of the plasma discharge play
the main role in the errors associated with transition voltage measurements.
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Figure 5.10

Variation of transition voltage as a function of frequency with 30 m/s jet velocity.

Figure 5.11

Variation of transition voltage as a function of jet velocity at a discharge frequency
of 8 kHz.

Figure 5.11 illustrates how the jet velocity affects the transition voltages at a constant
frequency of 8 kHz. In contrast with the frequency, by increasing the jet velocity from 0 to about
50 m/s, the diffuse-filamentary transition voltage (𝑉𝑑−𝑓 ) increases. Same behavior can be observed
for thermal spark formation voltages (𝑉𝑓−𝑠 and 𝑉𝑑−𝑠 ) but with a more gradual slope. Therefore,
for cases with jet velocities greater than a certain value (i.e., 50 m/s for 8 kHz) the system cannot
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have a filamentary regime, and the transition occurs directly from diffuse to thermal spark. To
justify the effects of jet velocity and frequency as in Figure 5.10 and Figure 5.11, the concept of
residence time and pulses per residence time are utilized. In this case, residence time is defined as
the period that a particle is present in the region affected by the plasma, or
𝑡𝑅 = 𝑣

𝐿

(5.17)

𝑗𝑒𝑡

where 𝐿 is the thickness of the discharge region (i.e., 10 mm) and 𝑣𝑗𝑒𝑡 is the jet velocity in
the nozzle area. Based on this definition of residence time, the pulses per residence time, 𝑝𝑝𝑟, can
be translated as the number of pulses applied on any particle when it is in the discharge region,
and can be calculated by
(5.18)

𝑝𝑝𝑟 = 𝑡𝑅 × 𝑓

Introducing pulses per residence time we can show that both Figure 5.10 and Figure 5.11
are representing the effects of the same parameter. Figure 5.12 (a) and (b) represent transition
voltages as in the Figure 5.10 and Figure 5.11, respectively, based on the definition of 𝑝𝑝𝑟. Based
on this figure, at low 𝑝𝑝𝑟 values, discharge occurs only in the diffuse and thermal spark modes. In
contrast, in both figures when more than certain number of pulses (𝑝𝑝𝑟 ~ 1.5) are applied on the
gas in the region, system can contain filamentary regime. Such a behavior can be attributed to the
effects of successive pulse on the flow. To illustrate, when 𝑝𝑝𝑟 > 1.5, the volume of gas passing
through the discharge region is experiencing more than one discharge and each discharge is
affected from pre-ionized region provided by the previous electrical fields.
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Figure 5.12

5.4

Presentation of (a) Figure 5.10and (b) Figure 5.11 in terms of pulses per residence
time.

Conclusion
The novel nanosecond plasma-assisted burner can provide significant improvement in the

performance and stability of gas propulsion systems. The improvements are tied to the regime of
discharge however sufficient information is not available in the literature regarding concentric
repetitive nanosecond pulsed (RNP) discharge. Therefore, it is critical to study the effect of
different parameters on discharge regime. In this chapter, the behavior of RNP has been
investigated in the co-flow nozzle with a concentric discharge geometry. This behavior can be
analyzed as a function of flow and pulse parameters, i.e. discharge peak voltage, frequency, and
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jet velocity. It has been reported that by increasing the voltage four plasma regimes can be
observed (corona, diffuse, filamentary and thermal spark) any of which comes with unique plasma
characteristics. Knowing that these regimes can affect the jet flame in different ways, it is critical
to find the conditions at which a regime-transition should be expected, and consequently, the
conditions at which a specific desired regime can be maintained. In the first series of tests, the
displacement current and was quantified. By subtracting the displacement current from the
measured value by probe, the more accurate value of conduction was obtained to be used in
discharge energy calculations. Moreover, a detailed uncertainty analysis was carried out to find
the margins of error for the voltage and energy measurements by taking into consideration all
measurement and calculation parameters. The second series of tests have been performed to find
the transition voltages between diffuse, filamentary and thermal spark regimes as a function of
frequency and jet velocity. The main outcomes of this chapter regarding the transition voltages can
be listed as below,
-

increasing the frequency decreases the voltage required for discharge regime transitions

-

higher jet velocity increases the transition voltages

-

at frequencies lower and jet velocities higher than critical values, filamentary regime does not
happen and the diffuse plasma directly turns into thermal spark regime.

-

both transition voltages to filamentary and thermal spark are lower as the 𝑝𝑝𝑟 increases.

-

for cases with a 𝑝𝑝𝑟 smaller than 1.5, filamentary discharge cannot be observed.
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CHAPTER VI
CONCLUSION AND FUTURE WORKS

6.1

Conclusion
Due to the crucial role of combustion and fuel in our life and their significant impacts on

environment, a huge portion of annual research in thermofluid and chemical engineering focuses
on this subject. Within that subject, two subtopics are of utmost importance. First, scientistw and
engineers are expected to provide alternative to the fossil fuels considering two factors; having
similar or superior combustion characteristics compared to fossil fuels and being a more reliable
source of energy in the long term. Second, the ignition systems used to initiate the combustion
should be improved in a way that they can deliver a more stable flame with expanded operating
conditions (i.e. leaner mixtures, higher speeds, or higher pressures). This research is accordingly
divided into two parts.
In part 1, Chapter II, the combustion of the mixtures of a potential biofuel with air has
been investigated in terms of an important fuel characteristic which is laminar burning speed
(LBS). LBS is an important parameter because it not only indicates the level of reactivity of a
mixture but also can be used as a key benchmark to compare the accuracy of developed chemical
kinetic mechanisms simulating fuel combustion. For this investigation, a pressure-rise technique
has been used in a constant volume combustion chamber (CVCC). While the main outputs of the
experimental setup are limited to dynamic pressure, initial composition conditions, flame radius
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and flame surfaces structure, a differential thermodynamic model is developed to simulate flame
based on pressure data and evaluate more properties. These properties include both thermodynamic
(like temperature, specific heats, and density) and kinetic (such as viscosity, conductivity and
diffusivity). Having these quantities and using the equations provided in the text, the laminar
burning speed for a wide range of temperatures, pressures and equivalence ratios have been
calculated. Compared with available kinetic mechanisms, it seems that these mechanisms need to
be modified to model the anisole/air combustion more accurately, especially in elevated
temperatures. To find the more important reactions that should be modified a sensitivity analysis
were performed on one of the few available mechanisms for anisole.
The second part of this thesis, Chapters III to IV, investigates the effects of Repetitive
Nanosecond Pulsed discharge (RNP) plasma on the characteristics of diffusion jet flames, mostly
focusing on stability, flammability and flame structure. RNP is a nonthermal plasma generation
technique that has been demonstrated promising results when used in combustion systems. These
results have been attributed to the increased concentration of excited species and active radicals in
the affected region enabling new reaction pathways with accelerated reaction rates. To investigate
the application of RNP as a stabilizer, a single-element inverse coaxial diffusion flame burner has
been designed. Using the designed system, we had control over air and fuel flow mass rates and
velocities at the tip of the nozzle (flow parameters), discharge frequency, and flow voltage
(discharge parameters). Broadband and OH chemiluminescence imaging has been used to record
the data at different conditions; i.e. laminar and turbulent jet flames.
In low velocity laminar flame conditions, OH* chemiluminescence has shown that at a
constant voltage increasing the frequency from 0 to 5 kHz will reduce the flame height but increase
the width. This leads to a flame looking more like a premixed flame which means that the plasma
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application improves the entrainment and mixing characteristics of the diffusion flame. It was also
shown that the RNP discharge can ignite the low velocity air/fuel flow. In addition to the change
in flame shape, it was observed that the RNP employment can widen the flammability conditions
of laminar flame so that we can have flame and combustion at much higher air-to-fuel velocity
ratios.
Moreover, at high velocities or more turbulent flames, the effect of RNP plasma on the liftoff and blow out conditions were studied. It was demonstrated through different test conditions
that the RNP discharge plasma can delay the occurrence of both lift-off and blowout. It means that
the flame is attached to the nozzle at higher velocities, resulting a more stable and reliable flame.
Furthermore, this stability is increased by increasing the repetition frequency and peak voltage.
Since increasing either of these value means more energy input to the burner, optimized conditions
can be defined and calculated for this specific geometry. Lift-off height is another important
indicator of jet flame stability. It was shown that the voltage and frequency both can decrease the
liftoff height, however, frequency is the more effective parameter at high discharge voltages. To
include the effects of both pulse parameters (Vpeak and f), a new parameter was defined as intensity
which seems to describe the changes in flame more fully, compared to any single one of them. A
critical intensity was observed as a limit lower than which the plasma has no significant effect on
lift-off height.
After reviewing all these cases, it was found that there is another factor that can limit the
operational effectiveness of the RNP discharge, i.e. the discharge mode. It is known that RNP
discharge cab take place through four distinct regimes or modes; corona, glow, filamentary, and
thermal spark discharge modes. According to the tests presented, the effectiveness of the plasma
on the stability of the flame is more significant in the non-thermal spark (filamentary) mode. Thus,
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it is important to find how different parameters (flow and pulse) affect the regimes. To accomplish
that, a comprehensive series of tests were performed on transition voltages, Vt, between diffuse,
filamentary and thermal spark regimes and the results were presented as functions of frequency
and air jet velocity. It was concluded that increasing the frequency and decreasing the jet velocity
decreases the voltage required for discharge regime transitions. However, at frequencies lower and
jet velocities higher than critical values, filamentary regime does not happen, and the diffuse
plasma directly turns into thermal spark regime. A parameter as pulse per resistance time (ppr)
was introduced which seems to rule the transition increasing which reduces the transition voltages.
6.2

Future Work
In this research, we have covered different aspects of biofuel combustion and RNP flame

stabilization. However, due to the immensity and complexity of the phenomena it is still far from
being fully understood. Regarding chapter II, there are three main topics that can be investigated
in the future. First, a new chamber and diagnostic system design can enable the researchers to use
laser diagnostic techniques, such as Planar Laser Induced Fluorescence, and evaluate significantly
important properties like flame temperature and flame thickness. This can be used to verify the
values that we are currently measuring through simulation. Second, the radiation model used in
the thermodynamic simulation can be expanded to improve the heat loss through the combustion
resulting a better temperature speculation. Third, this research was conducted to give a reliable
benchmark for kinetic mechanism evaluation and, as a result, further information on anisole like
ignition delay time can provide a more comprehensive measure for the accuracy of available
mechanisms.
Regarding RNP discharge plasma, although the results from the tests look promising, the
knowledge about this prospective method can be expanded by investing on the study of further
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parameters. The burner can be developed to produce jet flames at higher or lower pressures
simulating more practical cases. Moreover, the effect of flow temperature on the outcomes of the
RNP application can be studied. And finally, we have observed and briefly discussed the
importance of RNP effects on the flow dynamics of the jet in the air-entrainment and stability, but
unfortunately, the researcher did not have access to PIV diagnostic systems. So, we know little
about the full spectrum of how induced flows following concentric RNP discharge can exaggerate
or understate its chemical effects.

135

